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CHAPTER

3
Introduction to the
superconducting pnictides

In this chapter a brief introduction will be given to superconductivity in general
and to the recently discovered pnictides superconductors in specific. First, a short
summary is given of the discovery and the subsequent theoretical understanding
of superconductivity. After reviewing the most important results from the bench-
mark theory of superconductivity, BCS theory, the most studied family of high tem-
perature, unconventional superconductors, the cuprates, is briefly discussed. Af-
ter having touched on the various anomalies observed in the cuprates and having
sketched the current status of understanding of this family of superconductors, the
most recent family of high temperature superconductors, the iron-pnictides, will be
discussed, including the crystals structure, band structure and pairing symmetry.
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

3.1 Superconductivity

One of the most fascinating phenomena in (condensed matter) physics is supercon-
ductivity, which is the ability of a material to lose its electrical resistivity completely
below a certain temperature, and expel any external magnetic field. To illustrate how
remarkable the effect is, Heike Kamerlingh Onnes initially believed there was some-
thing wrong with his equipment when he discovered superconductivity in 1911, al-
most to date 100 years ago [33]. However, the contacts to his mercury sample were
fine and later experiments indeed showed that there is no detectable drop in the cur-
rent through a superconducting ring over the course of several years. Effectively, the
lifetime of the superconducting current can be considered infinite. Zero resistivity
alone does not make a material a superconductor. The formation of ring currents
on the surface of a superconductor enables it to counter external magnetic fields
perfectly, resulting in zero net magnetic field inside the superconductor [34]. This
so called Meissner effect, which was discovered by Meissner’s student Ochsenfeld,
leads (in type II superconductors) to levitation of a superconductor above a magnet
1.

3.2 A brief introduction to BCS theory

After the initial reluctance to believe that superconductivity was a real phenomenon,
more and more materials were found to display the effect with increasing supercon-
ducting transition temperatures (Tc). A theoretical understanding of the effect was
emerging in the 50’s and eventually led in 1957 to the publication by J. Bardeen,
L. N. Cooper and J. R. Schrieffer of their ‘Microscopic theory of superconductivity’,
which was later dubbed BCS theory after their initials [35, 36]. The theory is mainly
based on earlier work by L. N. Cooper, who showed that any attractive interaction
between electrons in a free electron gas, regardless how small, enables electrons to
form pairs [37]. In a spin-singlet superconductor, the two electrons that form a pair
must have opposite spin and momentum. The Fermi sea of electrons is unstable
against formation of these so called Cooper pairs and will condense into a ground
state where all electrons are paired: the BCS ground state. Without going in the
details of the theory, the most important predictions will be discussed below. For
a detailed history of the events leading to the postulation of the BCS theory, and a
derivation thereof, see for instance Ref. [38].

Two electrons that form a Cooper pair will lose energy in doing so. Therefore,
in order to extract an electron from the BCS condensate, for instance in a tunneling
experiment, a Cooper pair has to be broken, which costs the pairing energy, 2∆ (each
electron gains an energy ∆). This means that there is a finite energy range which
is insufficient to break a Cooper pair: the superconducting gap. For a BCS super-

1in type II superconductors immobile flux lines can penetrate the superconductor which keep the
superconductor in place above the magnet; a type I superconductor, which does not allow for flux lines
to penetrate, would simply slide off
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A brief introduction to BCS theory

conductor, this energy gap at T = 0 K (i.e. ∆(0)) is related to the superconducting
transition temperature by:

2∆(0) = 3.52kBTc, (3.1)

where kB is the Boltzmann constant. Since the gap is temperature dependent, a more
general relation, which is valid for all temperatures T is given by the following ex-
pression [39, 40]:

2∆(T) = 2∆(0)tanh(
π

2

√
Tc/T − 1). (3.2)

The superconducting density of states (Ns) in terms of the normal state density of
states (Nn) is furthermore given by:

Ns =

{
0 (E < ∆),

Nn
E√

E2−∆2 (E > ∆).
(3.3)

The density of single particle states in the superconducting state at T = 0 is thus zero
at energies less than the Cooper pairing energy and diverges at the gap energy. If
temperature is taken into account, the equation becomes an integral over the zero
temperature density of states convolved with the derivative of the Fermi function.
In order to compare theory to a real tunneling experiment, R. C. Dynes and cowork-
ers showed [41] that broadening due to a finite life-time of the quasi-particles and
broadening due to limited experimental resolution can effectively be captured by
introducing a broadening factor, Γ :

dI

dV
∝

∫∞
−∞

Re[
|E − iΓ |√

(E − iΓ)2 − ∆2
]× (

exp[(E + eV)/kBT ]

kBT(1 + exp[(E + eV)/kBT ])2
)dE, (3.4)

where dI
dV is the derivative of the tunneling current, which can be directly related to

the density of states, see section 2.1.1. This relation will be used in appendix C to fit
tunneling spectra taken on the BCS superconductor niobium.

BCS theory furthermore predicts that the transition temperature is related to the
Debye cut-off energy, ED, the density of states at the Fermi level, N(0), and the pairing
potential, V, in the following manner:

kBTc = 1.14EDe−1/N(0)V , (3.5)

where N(0)V = λ is the coupling parameter which expresses the material dependent
strength of the coupling of the electrons to the bosonic mode that leads to Cooper
pair formation. The regime where this parameter is small, λ << 1, is called the weak
coupling limit, which is the limit where BCS theory is valid. Although extensions of
BCS theory have been made to the strong coupling regime, i.e. where λ << 1 is no
longer valid, a more general description of electron-boson coupling in superconduc-
tors of arbitrary strength was developed by Éliashberg in 1960 [42], see also Ref. [43].
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

As the Debye cut-off energy for different isotopes of the same element should be
proportional to M−α, where α = 0.5, Equation (3.5) correctly reproduces the isotope
effect, which was first observed by E. Maxwell in 1950 in mercury [44].

Before moving on to discuss the successes of BCS theory and its limitations, two
important parameters need to be introduced. The first one is the coherence length,
ξcoh which is a measure of the spatial extent of the Cooper pair wave function. Ap-
plying the uncertainty principle to the gap energy, 2∆, the coherence length can be
shown to be [14]:

ξcoh ∼
EF

kF∆
. (3.6)

For typical low temperature superconductors such as mercury and aluminium, the
coherence length is on the order of 103 to 104 Å.

The second parameter is the electron mean free path, `. For a perfect, infinite ma-
terial, the mean free path would be infinite, but due to impurities, defects and a finite
temperature, there will be a finite distance over which an electron can travel with-
out being scattered (see section 3.7). The mean free path is given by ` = τvF, where
vF is the Fermi velocity and τ is the time interval between collisions of conduction
electrons with impurities in the sample.

An important measure of the purity of a superconductor is the ratio of these two
length scales, `/ξcoh. If `/ξcoh >> 1, electrons can move around over distances much
larger than the size of the Cooper pair wave function without being scattered, in
which case the superconductor is said to be in the clean limit. On the other hand, in
very impure materials the mean free path can become much smaller than the coher-
ence length, `/ξcoh << 1, and the superconductor is in the dirty limit.

3.3 Beyond BCS - from cuprates to pnictides

BCS theory correctly explained all superconductors known at the time of its pos-
tulation and many more that were discovered since, and has revolutionised the
understanding of superconductivity. However, even though for many known su-
perconducting materials the isotope effect has been observed, all with the isotope
coefficient α equal to 0.5, over the course of a century many conventional supercon-
ducting materials have been found with α 6= 0.5. Similarly, the relation between the
gap magnitude and the transition temperature predicted by BCS theory is not 3.52
for all materials: for instance in pure Pb it is as high as 4.2 [8]. Extensions to the basic
theory have been developed to account for these discrepancies, for example for sys-
tems such as Pb, where the weak limit approach is not valid and a strong coupling
approach has to be adopted.

The discovery of the cuprate family of superconductors by J. G. Bednorz and
K. A. Müller in 1987 changed this picture [45]. The copper oxide perovskite super-
conductor BaxLa5-xCu5O5(3-y) they created, had a transition temperature above 30
K, well in excess of any previously discovered superconductor. Within two years,
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Beyond BCS - from cuprates to pnictides

Figure 3.1: Cuprate structure and phase diagram, taken from [50]: (a) Cuprate crystal struc-
ture (shown here for La2-xSr2CuO4), where Cu-O planes are sandwiched between layers of
a different character. (b) Generic phase diagram of electron- (left) and hole doped (right)
cuprates. The precise of the behaviour of the pseudogap region as a function of doping is still
under debate and could be sample dependent, hence it is only indicated schematically.

cuprates were found with Tc’s of up to 127 K, of which the most widely studied
are Y2Ba2Cu3O7 (Tc = 93 K) [46] and Bi2Sr2CaCu2O8+δ (Tc = 95 K) [47]. The current
record holder at ambient pressure is HgBa2Ca2Cu3Ox with Tc = 135 K [48]. Not only
are the transition temperatures of these materials far beyond what is deemed pos-
sible within the BCS framework, they also support anomalous isotope effects and
have reduced gaps, 2∆/kBTc, up to 5 [49]. Clearly, these materials seem beyond a
‘simple’ adaptation of BCS theory.

Central to all cuprate superconductors is a Cu-O plane that is sandwiched be-
tween a number of interstitial layers, see Fig. 3.1a. The stoichiometric material has
a half-filled 3d shell, leading to a Hubbard splitting of the main band into an up-
per and lower Hubbard band, turning the material into an anti-ferromagnetic Mott
insulator. Upon adding or removing charges by changing the oxygen content, the
anti-ferromagnetism is suppressed and eventually superconductivity emerges in the
form of a superconducting dome. A schematic phase diagram is shown in Fig. 3.1b.

The original BCS theory considered only an s-wave symmetry of the supercon-
ducting gap, meaning that the gap magnitude is isotropic as a function of momen-
tum. In the cuprates, however, the gap symmetry has been the subject of discussion
for quite some time, but has been shown to be one with a d-wave character 2. This
means that there are nodes at certain momenta where the gap vanishes even down
to the lowest temperatures, and that the sign of the order parameter changes as a
function of momentum. Extending BCS theory to a d-wave gap symmetry, 2∆/kBTc

becomes 4.3 [53], which is considerably closer than the s-wave BCS value to the val-
ues obtained from experiments. However, such an extension alone is insufficient
to explain the wealth of properties observed in the cuprates, for which reason the

2at least for the hole-doped cuprates, it is still unclear for electron-doped systems, see for instance
Refs. [51, 52])
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

cuprates are commonly termed unconventional, or high Tc superconductors.
The anomalous isotope effect for instance has been the focus of intense research

and heated debate (see for an example of the latter the abstracts of [54–56]). Though
not essential for BCS theory itself, the ‘glue’ that binds the electrons into Cooper
pairs comes for conventional superconductors from a coupling of the electrons to
the lattice, i.e. electron-phonon coupling. Initially, either no or very small isotope
effects were observed in the cuprates, which seemed to indicate that electron-phonon
coupling plays a minor role in the cuprate superconductors, and a different pairing
mechanism must be the driving force of superconductivity. Later though, isotope
effects were found to change as a function of doping concentration, x, increasing to
values even larger than BCS theory for strongly underdoped systems, leading to a
plethora of theories to explain the origin of the pairing mechanism. See for instance
Refs. [57,58] and references therein for a recent overview of the experimental reports
on the isotope effect in cuprates and references in Ref. [59] for an overview of several
theoretical models proposed.

Closely connected to the ongoing debate on the pairing mechanism in the cuprates
is the appearance of a region in the phase diagram of all cuprates where there is a
depletion of spectral weight at the Fermi level at a temperature T∗, far in excess of
the superconducting transition temperature. This region, which strongly resembles
in many aspects the superconducting state without actually being superconduct-
ing, is commonly called the pseudogap region, and is wedged in between the anti-
ferromagnetic insulating regime and the superconducting dome, see Fig. 3.1b. The
main question that has kept the community busy over the past decades is whether
the pseudogap is a precursor to superconductivity or is competing with supercon-
ductivity, and what its importance is for high temperature superconductivity in gen-
eral.

In light of the impasse in the cuprate superconductors sketched above, a com-
pletely new family of high temperature superconductors was discovered in Febru-
ary of 2008 [1]. Within a short period of time a maximum transition temperature
of 55 K was found [2], not as high as in the cuprates, but well in excess of the BCS
maximum Tc. Perhaps even more surprisingly, this new superconductor contains
iron, a magnetic metal which is usually thought of as the worst starting point for a
superconductor.

3.4 Pnictide crystal structure

Like the cuprate superconductors, the pnictides 3 have a layered structure, where
for these systems an Fe-As layer is the central building block, see Fig. 3.2a. Impor-
tantly, this Fe-As layer is three dimensional, with the As atoms sticking out above
and below the plane of Fe atoms as shown in Fig. 3.2b, setting it apart from the two
dimensional Cu-O plane in the cuprates. To date, five different groups within the

3any binary compound of a pnictogen (i.e. an element from the nitrogen group) is called a pnictide

26



Phase diagram, magnetism and band structure

Figure 3.2: Pnictide structure, adapted from [61]: (a) The five known different structural
groups within the pnictide family of superconductors. The shaded region indicates the Fe-
As/Se layer common to all groups. Below each structure a prominent composition within the
group is given and the generic name for each group. (b) Fe - As block where the 2D nature
of the layer can clearly be seen. The dotted square indicates the tetragonal unit cell (in the
magnetic phase the structure is actually orthorhombic, giving a unit cell rotated by 45 degrees
and

√
2 times larger on each side). (c) The same Fe-As block as is shown in (b) but seen from

above. The spins are located on the Fe atoms and form an anti-ferromagnetic structure in the
out-of-plane direction.

family of pnictides have been found, of which the simplest one, the FeSe or 11 sys-
tem (which is actually a chalcogenide 4) has no interstitial layers and the other four
groups have one or more interstitial layers between the Fe-As building blocks. Since
large, millimeter sized single crystals of the MFe2As2 or 122 system, where M is an
alkaline- or rare earth element, are relatively easy to grow and have transition tem-
peratures of up to 38 K [60], these materials are the most studied within the group of
pnictide superconductors. The main part of the iron-pnictide part of this thesis will
focus on these 122 crystals, although the 11 system has also been investigated for a
short period of time.

3.5 Phase diagram, magnetism and band structure

Most of the pnictide parent compounds (i.e. the structures shown in Fig. 3.2a) are
not superconducting, but require doping of some sort to enter the superconducting

4the pnictogen, As, is replaced in these systems by the chalcogen Se or Te.
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

phase. An important difference with the cuprate parent compounds, which are anti-
ferromagnetic Mott insulators at T = 0 K, is that the pnictide parent compounds are
metallic at low temperature. Like the cuprates, they undergo a magnetic transition at
finite temperature, which in the pnictides is accompanied by a structural transition
from a tetragonal to an orthorhombic crystal symmetry. The spin structure of the iron
lattice is shown in Fig. 3.2c and is anti-ferromagnetic in the out-of-plane direction.
Though the origin of the magnetic order is still a hotly debated topic, (π,π) nesting of
electron- and hole-like Fermi surface pockets (see below) is commonly thought to be
(at least partly) the driving force of the magnetic order, see for instance Refs. [62,63].

Focusing on the 122 system, there are plenty of routes to get the system in the
superconducting phase. All of the three basic constituents of the material (M, Fe
and As) can be partially replaced by other atoms to achieve superconductivity. The
highest Tc of 38 K is reached by changing M for K [60, 64–66] and is effectively hole
doping the system. Changing Co or Ni for Fe, which can be seen as electron dop-
ing, leads to a maximum Tc of 22 K [67–71]. Isovalent substitution of for instance As
by P [72–74], or Fe by Ru [75–77], also brings about superconductivity with maxi-
mum transition temperatures of 30 K and 20 K, respectively. Figure 3.3a-d displays
the phase diagrams of examples of these hole-, electron-, and isovalently doped 122
systems. The fact that relatively large amounts of dopants can be introduced even
within the superconducting Fe layer is rather puzzling, and in stark contrast to the
extreme sensitivity of for instance the cuprates to dopants within the superconduct-
ing layers [78, 79].

With such a wealth of options to reach superconductivity, the question immedi-
ately arises what drives the material to become superconducting. The striking resem-
blance of the pnictide phase diagrams to the phase diagrams of several other classes
of unconventional, non-phonon mediated superconductors, including the cuprates,
organic- and heavy fermion superconductors, suggests that the pairing mechanism
in the pnictide superconductors is also of unconventional nature. Although no offi-
cial identification of the pairing mechanism has been proven, the general consensus
seems to be that magnetic spin fluctuations are the pairing ’glue’ that binds the elec-
trons [81, 82].

In order to get a handle on the physics underlying the superconductivity in
these materials, it is imperative to calculate and experimentally determine their band
structure. The electronic states at the Fermi level, EF, are almost exclusively Fe 3d
states with little hybridisation with As 4p states, as determined from hard x-ray pho-
toemission experiments [83]. From simple crystal field considerations these Fe states
have a d6 configuration and should give rise to at least four hole bands at EF. Local
density approximation (LDA) calculations indeed predict a band structure with four
or five bands crossing the Fermi level, see for instance Ref. [84] for an overview of
LDA calculations to date.

Although these calculations are not perfect, for instance the magnetic moment of
the Fe atoms is systematically overestimated, the calculations match rather well with
experiment. Fig 3.4a shows a schematic view of the Fermi surface of the pnictides,
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Pairing symmetry of the order parameter

Figure 3.3: 122 pnictide phase diagrams: (a) ‘Hole doped’ Ba1-xKxFe2As2, which has a max-
imum Tc of 38 K for x ∼ 0.5, adapted from [80]. (b) Isovalently doped BaFe2PxAs2-x, Tmax

c =
30 K (x ∼ 0.6), adapted from [73]. (c) Isovalantly doped BaRuxFe2-xAs2, Tmax

c = 20 K (x ∼ 0.6),
adapted from [77]. (d) ‘Electron doped’ BaCoxFe2-xAs2, Tmax

c = 25 K (x ∼ 0.15), courtesy of R.
Huisman.

with two or three hole-like pockets around the Γ -point, i.e. k=(0,0), and two electron
like Fermi surface sheets around the M-point, k=(π,π)5. Due to the three dimensional
structure of the Fe-As block, the Fermi surface is not as two dimensional as is the case
in the cuprates, but has a warping in the z-direction. The (π,π) nesting scattering
vector, believed to be the origin of the magnetic order, is indicated with an arrow.

3.6 Pairing symmetry of the order parameter

As already mentioned, conventional BCS theory assumes an s-wave symmetry of
the superconducting gap function, ∆(k)=∆0. The cuprate superconductors on the
other hand possess a d-wave gap function, leading to nodes and sign changes in
the order parameter as a function of momentum, ∆(k)=∆0cos(2Φ), where Φ is the

5Throughout this thesis a simple tetragonal Brillouin zone is used, i.e. one with two iron sites per unit
cell
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

Figure 3.4: Pnictide band structure, from [61]: (a) DFT calculation of BaCo0.1Fe1.9As2 show-
ing two hole-like pockets (purple and blue) around the Γ -point and two electron-like Fermi
surfaces around the (π, π)-point, from [82]. (b) k-dependence of the sc gaps on the hole and
electron Fermi surfaces for three different for three different pairing scenarios. For simplic-
ity multiple electron or hole bands have been reduced to a single band, the corners of the
schematic are (±π, ±π). (Left) s± symmetry with isotropic gaps on the Fermi surface sheets.
(Center) anisotropic s± symmetry, where aside from the opposing sign of the gap between the
electron and hole bands the gap on the electron pocket has accidental nodes. (Left) Going one
step further from the anisotropic s± symmetry, by allowing the sign of the gap on the electron
pocket to change at the nodes, gives a d-wave symmetry.

angle of the k-vector with respect to (0,0)-(0,π). One of the big questions that still
needs an answer is what the pairing symmetry in the pnictides is, as knowledge of
the pairing symmetry is an important ingredient for unraveling the mechanism of
superconductivity in these systems.

Unlike the cuprates, where only one band crosses the Fermi level, the pnictides
have at least four bands at EF, opening up the possibility of multiband superconduc-
tivity. A beautiful example of the theoretical and experimental implications of multi-
band superconductivity is MgB2. While the material has been known for decades
[85], its unusual superconducting properties were only discovered in 2001 [86]. With
a transition temperature of 39 K, well in excess of the BCS limit of ∼30 K, it was ini-
tially believed to be an unconventional superconductor. However, MgB2 is now
commonly accepted to be an electron-phonon mediated, two band, conventional
BCS superconductor [87], with two s-wave gaps that both close at Tc and have a
value of 2∆/kBTc of 4.18 and 0.60-1.65, respectively.

With not two, but four (or five) bands at EF in the pnictides, ample scenarios are
possible, including ones with ungapped Fermi surface sheets, sheets with or without
nodes and sheets with opposite sign to one another. The most likely of these options
are depicted in Fig. 3.4b. All three of these options have a sign change between
the electron and hole bands of the order parameter, which is unavoidable in a spin-
fluctuation induced interaction [82]. Early angle resolved photoemission (ARPES)
studies have reported different gap sizes for the various bands. Other experimen-
tal techniques similarly report either one or two gaps (depending on the technique),
which support values of 2∆/kBTc of approximately 3 and 7 (see Ref. [40] and refer-
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Impurity scattering

ences therein for an overview of the gaps reported in literature). This reduced gap
value gives an indication whether the pnictide superconductors can be explained
within conventional BCS theory or not, and seems to be rather large for the big gap.
More details on reduced gaps, specifically as seen in STM/S experiments, will be
discussed in chapters 5 and 7.

3.7 Impurity scattering

One important aspect in superconductivity, especially in the context of STM/S, is
impurity scattering. If an impurity is added to an otherwise pure system, it will
act as a scattering center for the electrons. The strength of the scattering is usually
divided into two limits, the weak scattering limit, known as the Born limit, and the
strong scattering limit, known as the unitary limit. In the Born approximation the
average over all scattering events, results in a spatially uniform superconducting
state (usually with a Tc reduced compared to that of the pure system). In the unitary
limit, scattering from a single impurity is so strong that in-gap bound states appears
rather than uniformly suppressing superconductivity. Depending on the type of
scattering, different models have to be used and different results will be obtained.

Early on, it was established experimentally that non-magnetic impurities added
to a pure s-wave superconductor initially effect a sharp drop in the transition tem-
perature and energy gap, but that this drop rapidly levels off for higher impurity
concentrations [88]. Adding magnetic impurities on the other hand will have the
same initial drop in Tc, which will continue up to higher impurity concentrations,
rapidly destroying superconductivity [89].

Anderson [90, 91] and Abrikosov/Gor’kov [92] subsequently showed that this
can be understood from symmetry arguments, a notion that was later refined by
many others [93–95]. Assuming purely elastic scattering, a scattering event that pre-
serves the time-reversal invariance of the BCS s-wave ground state, such as scat-
tering off a non-magnetic impurity potential, will barely affect the gap energy and
Tc. After an initial drop due to the reduction of the mean free path length, these
parameters remain more or less constant.

A magnetic impurity on the other hand breaks time-reversal symmetry, so scat-
tering from such a center will break the time-reversal invariance of the Cooper pair,
and therefore acts as a pair breaker. Unlike for non-magnetic impurities, small amounts
of magnetic impurities are already sufficient to destroy the superconducting state. A
material with such pair-breaking scattering centers will support quasi-particle exci-
tations within the superconducting gap, as was demonstrated on microscopic scale
using scanning tunneling microscopy [96].

With the arrival of the cuprates, impurity scattering in superconductors gained
renewed interest. Magnetic impurities will be a strong pair-breaker for all spin-
singlet superconductors, so not only for s-wave, but also for d-wave superconduc-
tors. Moreover, in a d-wave superconductor, the order parameter changes sign as a
function of momentum, with nodes at the points where the sign changes. Therefore,
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

also non-magnetic impurities will act as pair-breakers as they violate Anderson’s
theorem that time-reversal should be a symmetry of the system. Differently put, in
d-wave superconductors, potential scattering centers can induce scattering between
k-locations with a different sign of the order parameter while not affecting the spin
of the electron, leading to a breaking of time-reversal symmetry of the system. In
the same situation, a magnetic impurity will also flip the sign of the electron spin,
and time-reversal symmetry is preserved. In general, a scattering path for which
magnetic scattering is pair-breaking (i.e. when there is no change of sign of the order
parameter), non-magnetic scattering will not be pairbreaking, and vice versa [82].
Indeed, it has been experimentally established that non-magnetic impurities such
as Zn in cuprate superconductors are strongly pair-breaking [78, 79]. Atomically
resolved tunneling measurements beautifully showed the difference between these
two types of scatterers, magnetic Ni and non-magnetic Zn, and thereby once more
confirmed the d-wave symmetry of the cuprates [97–99], see also appendix A.

So far, only scattering in single band superconductors has been considered. How-
ever, in the pnictides it is clear that at least four bands are present at the Fermi level.
Therefore not only intraband scattering, i.e. scattering within a single band, has to be
taken into account, but also interband scattering, i.e. scattering between two bands.
Although generalisations of the BCS equations to multiband systems were already
put forward in the late 50’s [100], the discovery of multiband superconductivity in
MgB2 reactivated the field. MgB2 can be described as a superconductor with two
Fermi surface sheets, a σ and π band, that have different orbital character and are
characterised by strong and weak intraband electron-phonon coupling interaction,
respectively. Due to the different orbital character, and for other reasons (see for in-
stance Ref. [101]), interband pairing interactions are small, as is interband scattering.
Without going into the details of the theory, in this multiband superconductor non-
magnetic impurities appear to suppress superconductivity as magnetic ones do in a
single band superconductor and only the interband scattering acts as pair-breaking.

In the pnictides, the bands at the Fermi level all have d-orbital character (see
Ref. [102]) and it is believed that the pairing interaction is predominantly interband,
while intraband pairing is weak, see Ref. [82] and references therein. Furthermore,
the most likely pairing symmetry is believed to be one with a sign change of the order
parameter between the bands, but not within the bands, the so called s± state (see
Fig. 3.4b left). The effect of impurities, both magnetic and non-magnetic, on the tran-
sition temperature in this situation is strongly dependent on the strength of the im-
purity potential, i.e. whether the Born approximation is valid or if unitary scattering
has to be considered. Within the Born limit, nonmagnetic impurities can lead to pair
breaking only via interband scattering, as interband scattering does not violate An-
derson’s theorem. In this case high impurity concentrations will drastically reduce
Tc. In the unitary limit, however, it has been argued that large concentrations of non-
magnetic impurities will not affect Tc as Anderson’s theorem is restored [103, 104].
Only when the intraband and interband scattering potentials are equal, Tc is strongly
suppressed, as the interband pair-breaking effect is strongly amplified by the intra-

32



Impurity scattering

band one. On the other hand, magnetic impurities in the Born limit have been found
to be pair-breaking for intraband scattering, but pair-preserving for interband scat-
tering, completely opposite to the non-magnetic impurities [105].

From the above it is clear that impurity scattering effects in multiband, sign re-
versing superconductors is not a straightforward matter. Furthermore, the local ef-
fect of impurities in the superconducting pnictides, as seen with STM/S, is not a
priori clear. This in contrast to impurity scattering effects in single band (or merely
bilayer split) d-wave superconductors, such as the cuprate
Bi2Sr2CaCu2O8+δ. In fact, STM/S investigations on this cuprate system - where im-
purities were added on purpose - formed one of the compelling pieces of evidence
for the d-wave pairing symmetry of the material, see also appendix A. The fact that
in for instance the ‘122’ pnictides superconductivity survives, and even emerges,
upon replacing relatively large amounts of Fe atoms by Co, Ni or Ru indicates that
impurity scattering effects could in fact be a key factor in the mechanism of super-
conductivity of these systems. The influence of impurity scattering effects on the
tunneling signal in STM/S investigations on various pnictide systems will be fur-
ther discussed in chapter 7.
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