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CHAPTER

7
Inhomogeneity induced gap
disorder in BaCoxFe2-xAs2and
BaFe2PxAs2-x

An anomalous behaviour of the reduced gap, 2∆pp/kBTc, as a function of doping in
the pnictide high temperature superconductor BaCoxFe2-xAs2 is presented. The re-
duced gap, as well as the variation in gap size normalised to the average gap, σ/∆pp,
is seen to increase as a function of doping. From this trend, combined with the obser-
vation that both parameters are relatively small for optimally doped BaFe2PxAs2-x,
Co scattering effects are suggested to play an important role in these materials, which
in turn puts constraints on the interpretation of reduced gap values.
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7. INHOMOGENEITY INDUCED GAP DISORDER IN BACOXFE2-XAS2AND BAFE2PXAS2-X

7.1 Introduction

From the previous chapter it is clear that the strong spatial variation in peak-to-peak
separation can be attributed to the superconducting gap, and not to a pseudogap as
has been seen in the cuprates. One now may wonder how such a large variation in
gap size on length scales similar to the coherence length is possible. Secondly, since
the gap varies as a function of position while the superconducting transition tem-
perature is the same for every gap size, the reduced gap, 2∆/kBTc, is also spatially
varying. As this value is commonly used to determine whether a material is a con-
ventional phonon mediated or an unconventional superconductor (see Chapter 3),
the question arises what a spatial variation of this reduced gap means.

In the cuprates the reduced gap is seen to be constant as a function of doping, i.e.
2∆ tracks Tc [49, 159]. To investigate the doping dependence of the superconducting
gap in the pnictide superconductors, doping dependent STM/S measurements on
BaCoxFe2-xAs2 (BCFA) samples (x=0.08, x=0.14 and x=0.21), and on optimally doped
BaFe2PxAs2-x (BFPA) single crystals (x=0.64) and slightly overdoped BaRuxFe2-xAs2

(BRFA) samples (x=0.7) as control experiments have been performed. One of the
striking characteristics of the MFe2As2, or 122, pnictides is the fact that superconduc-
tivity can be reached by doping with a large variety of dopants, both charged and
isovalent, and in all three layers of the material. As in the cuprates [160] there seems
to be a trend in that the further the dopant atom is situated from the superconduct-
ing Fe plane, the higher Tc. Since the systems studied here introduce Co dopants in
the superconducting Fe layer, scattering effects could start to play an important role.
Scattering effects in the two-band superconductor MgB2 have been seen to bring the
system in the dirty limit, where the two distinct gaps merge into a single gap, and Tc

is reduced [161]. At the same time, impurity scattering will increase the number of
in-gap states and push out the coherence peak by smearing of the BCS singularity,
which can effectively be seen as an increase in the lifetime-broadening parameter, Γ ,
in the Dynes function [41].

In this chapter the doping and spatial dependence of the superconducting gap
will be discussed, indicating that impurity scattering effects in the Co-doped systems
studied play an important role. These results put a constraint on the applicability of
the reduced gap as an independent measure of the pairing strength in these systems.

As mentioned in the previous chapters, the particulars of the surface which have
been shown to be due to the partial lift-off of the topmost Ba layer, do not seem to
affect the superconducting gap spectra. Therefore, data will be presented from spec-
troscopic surveys recorded on the modal termination topography. It should be noted
though that areas with a large corrugation (>2 Å) show anomalous spectroscopic
signatures which might be caused by impurities on the surface or by a significant
deviation from the average surface cationic population. Such regions were not used
for spectroscopic surveys. Spatial correlations between topographical information
and variation in 2∆pp were checked to be absent for each measurement.
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Doping dependence of under-, optimally and overdoped BaCoxFe2-xAs2

Figure 7.1: Constant current image taken on near-optimally doped BaCoxFe2-xAs2 (x=0.14, Tc

= 22 ± 0.5 K) at 4.2 K, V = 50 mV, I = 40 pA (these settings were used throughout this study
unless stated otherwise). The inset is a zoom of the region of the image which is marked by
a box. (b) Gap map corresponding to the field of view shown in the inset of (a). (c) Averaged
spectrum of the conduction map taken on the inset of (a), together with four representative
single pixels spectra which illustrate the variation in 2∆pp.

7.2 Doping dependence of under-, optimally and overdoped
BaCoxFe2-xAs2

First, near-optimally doped BCFA samples (x=0.14, Tc = 22 ± 0.5 K) were studied.
Figure 7.1a shows a constant current image representative for a large portion of a
particular cleavage surface, in which atomic contrast is absent, and a 2D, maze-like
network is seen with typical periods of ∼12 Å, oriented along the tetragonal axes,
as determined by in situ low energy electron diffraction (LEED). Figure 7.1b shows
the gap map taken on the inset of Fig. 7.1a, which is in accordance with previously
reported results from Ref. [112] and those shown in chapter 5, although the variation
in gap magnitude is slightly reduced and has a slightly longer characteristic length
scale, which might reflect the improvement in sample quality, or a locally more ho-
mogeneous area on the sample. To show the variation in the tunneling spectra, four
single pixel spectra are shown in Fig. 7.1c, which range in gap from 10 to 14 mV
corresponding to a value of 2∆/kBTc of 5.3 to 7.4, together with the average of the
∼4000 spectra of which the map consists. The temperature dependence of these four
spectra has already been shown in the previous Chapter in Fig. 6.1.

Next, lower doping concentrations are considered, where conduction maps were
recorded in a similar fashion to those obtained on the optimally doped sample. From
the average of such a map on a BCFA sample with x=0.08 (Tc = 14± 1 K) the average
magnitude of the superconducting gap (2∆pp) is determined to be 8 mV ± 1 mV,
corresponding to a value of 2∆pp/kBTc of 6.5 ± 0.5. One peculiarity valid for all STS
measurements performed throughout this work on underdoped samples is that the
superconducting gap signatures are less pronounced than in the optimally doped
materials. As the gap in these samples is smaller in magnitude as well, a reliable gap
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map could not be obtained. However, the single pixel spectra, of which several are
shown in the previous chapter in Fig. 6.2c, clearly show there are gaps all over the
field of view.

Figure 7.2: Overdoped BaCoxFe2-xAs2 (x=0.21, Tc = 13 ± 1 K): (a) 200x200 Å2 topograph dis-
playing a (2×1) structure on which conduction maps are taken at 4.2 K and 17 K. The inset
shows the individual atoms on the (2×1) structure (V = 5 mV, I = 5 nA). (b) Gap map con-
structed after division of the low temperature by the high temperature conductance map, the
histogram indicates the variation in gap size. The average spectrum of both maps are shown
in (c). The inset in (c) shows the division of the average spectrum below Tc by that above Tc.
(d) Detailed temperature dependence of a spectrum with 2∆pp = 11.3 mV. All spectra taken
above Tc fall perfectly on top of each other, contrary to those taken below Tc.

To complete the survey of the phase diagram of BCFA, an overdoped compound
(x=0.21, Tc = 13 ± 1 K) is investigated. Fig. 7.2a shows a typical (2×1) surface struc-
ture on which a conduction map has been taken. The gap map extracted from this
conduction map is shown in Fig. 7.2b. Interestingly, the gap magnitude (2∆pp =
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Control experiments

11.8 meV) is comparable to the gap seen at optimal doping, meaning that since Tc is
smaller, the reduced gap is considerably larger, i.e. 2∆pp/kBTc = 10.5 ± 3. To ensure
that this relatively large gap is really the apparent superconducting gap, the aver-
age spectrum of a conduction map taken above Tc is plotted on top of the average
spectrum on the same area at 4.2 K, see Fig. 7.2c. This comparison, and the more
detailed temperature dependence of a representative single pixel spectrum shown
in Fig. 7.2d confirm that the gaps are indeed gone above Tc. More details on the tem-
perature dependence of the tunneling spectra, also of compounds with a different
doping concentration, are given in the previous chapter.

7.3 Control experiments

7.3.1 BaFe2PxAs2-x

As a control experiment, measurements are performed on optimally doped
BaFe2PxAs2-x (BFPA) (x = 0.64, Tc = 31± 1 K). A typical (2×1) topography is shown in
Fig. 7.3a. Fig. 7.3b shows the average spectrum of ∼4000 spectra taken on the inset of
Fig. 7.3a, with every 100th spectrum plotted on top of the average. The figure clearly
shows the homogeneity of the spectra and of the gap magnitude, 2∆pp = 12 mV, on
this material, in stark contrast to what is seen on the Co doped materials. It should
be noted that analogous to BCFA samples, a large variety of cleavage surfaces was
observed on BFPA. The gaps from different topographies are equally homogeneous
as the one shown here. To illustrate the homogeneity of the superconducting gap
size, Fig. 7.3c shows a gap map using the same energy range as the gap map plotted
in Fig. 7.2b. Despite having similar average gap values, the BFPA map clearly lacks
the variation observed on the BCFA samples. This observation strongly suggests that

Figure 7.3: (a) Typical (2×1) surface structure on optimally doped BaFe2PxAs2-x (x=0.64, Tc

= 31 ± 1 K). (b) Average tunneling spectrum (blue) of ∼4000 spectra taken on the 100×100
Å2 inset in (a) with every 100th spectrum (grey) plotted on top of the average. (c) Gap map
corresponding to the spectra shown using the same color scale as Fig. 7.2b, illustrating the
homogeneity of the BFPA spectra with respect to the BCFA spectra.
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indeed the Co dopants are responsible for the observed variation in gap size in the Co
doped materials. Furthermore, the gap of the P-doped material itself is comparable
in size to that of the overdoped BCFA samples, but since Tc is significantly higher
the reduced gap is relatively small, 2∆pp/kBTc = 4.6 ± 0.3.

7.3.2 BaRuxFe2-xAs2

Interestingly, Ba122 can also become superconducting when some of the Fe atoms
are replaced by Ru instead of Co. As Ru has the same valency as Fe, the effect of
the extra electron in case of Co doping can be appreciated. Unfortunately Ru doped
samples are rather difficult to grow and are, if possible, even smaller than the P
doped Ba122 samples (see Fig. S1c for an image of three typical samples and their
sizes). Moreover, the transition width of the RuxFe2-xAs2 samples (x = 0.7, Tc = 17
± 3 K) that were kindly provided by V. Brouet et al. [77, 162] proved to be rather
broad (see Fig. 7.4a). Therefore, only preliminary results will be presented here.
However, in the near future samples with a sharper transition will be available for
further studies.

Figure 7.4: (a) AC susceptibility trace of the rather broad transition into the superconducting
state. (b) Average of thousands of spectra taken on a 100×100 Å2 field of view on a (2×1)
reconstructed surface of BaRuxFe2-xAs2 (x=0.75, Tc = 17 ± 3 K).

Spectroscopic surveys on different parts of the same sample with similar (2×1)
surface structures showed average gaps from fields of view of hundreds of square
Å varying from 7.5 to 9.7 mV. The average spectrum corresponding to the 9.7 mV
gap is shown in Fig. 7.4b. The variation in average gap magnitude on the same
sample is likely a result of the inhomogeneity of the samples that is also reflected
by the broad transition into the superconducting state. Taking the uncertainty in the
transition temperature into account it follows that the reduced gap is in the range
5-7, similar to the Co doped system. It should be noted that for similar transition
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temperatures the Ru dopant concentration is considerably larger than the Co dopant
concentration, suggesting that Co atoms act as stronger scattering centers than Ru.

7.4 Summary of the data

Fig. 7.5a summarises the doping dependence of the compositions studied here by
plotting the values of 2∆pp versus doping on top of the critical temperatures de-
termined from resistivity measurements. As can be seen, the superconducting gap
deviates from the behaviour of the superconducting dome for the overdoped Co
compounds, clearly differing from the cuprate scenario where the dome is tracked
by 2∆pp. As a comparison, 2∆pp and Tc of optimally doped BFPA are plotted in
the shaded region, from which it is clear that in this compound the reduced gap is
considerably smaller than for the Co doped compositions.

7.5 Discussion

Since Fig. 7.1 and 7.2 show a variation in 2∆pp that is indeed a variation in apparent
superconducting gap size (as shown in the previous chapter), the question arises as
to what could cause such a variation. The normal state NMR signal of these materi-
als has been characterised by inhomogeneities [136], and strong scattering from Co
inhomogeneities could be a possible explanation of the T2 behaviour in London pen-
etration depth measurements [163]. It has already been suggested in chapter 5 that
Co doping within the superconducting Fe layers could be the cause, as the spatial
variation is on the same length scales as the Co dopant separation. This indeed holds
for all measured compositions, i.e. the variations in 2∆pp for all doping concentra-
tions are on the nanometer scale, although the exact length scale of the variations
does not seem to scale in a straightforward manner to the doping concentration and
could be slightly different on different samples of the same doping concentration.

It has been shown using a four-probe scanning tunneling microscope, that there
are local variations in the Co doping concentration on any given sample, leading to
locally different Tc’s [164]. However, these variations are not sufficient to explain the
variation in 2∆pp seen here, as some gaps are bigger than the average gap for opti-
mally doping, requiring a Tc in excess of Tmax

c , and the smaller gaps would need a
local Tc of half the bulk Tc, which is clearly not the case as determined from temper-
ature dependent STS measurements. Since 2∆pp on optimally doped BFPA is very
homogeneous over large fields of view, intrinsic sample inhomogeneities other than
the dopants themselves, such as for instance defects, are ruled out as a cause of the
gap magnitude variations. The fact that considerably more dopant atoms are present
in the BFPA samples than in the overdoped BCFA samples (x = 0.64 versus x = 0.21
respectively) underlines this statement.

To shed more light on the cause of the gap variations, the spread in gap value nor-
malised to the average gap magnitude, σ/∆pp, versus the reduced gap, 2∆pp/kBTc,
is shown in Fig. 7.5b. As can be seen, there seems to be an approximate relation
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Figure 7.5: (a) Values of 2∆pp (right axis) for various Co-doping concentrations and for the
P-doped system (since P substitution is not formally doping electrons, the values of BFPA
are indicated at x=0), plotted on top of the phase diagram of the samples determined from
resistivity measurements (left axis). (b) Plot of σ/∆pp versus 2∆pp/kBTc for the compositions
used in this study and taken from literature.

between these two parameters, highlighted by the shaded region in the figure. As a
comparison, the values for pure single band s-wave and d-wave BCS superconduc-
tivity are shown as well, which are actually close to the point of intersection with the
x-axis of the observed trend. Thus, as Fig. 7.5a shows, upon increasing the Co dop-
ing concentration, 2∆pp slightly increases, and is more or less constant at optimal-
and overdoping (x=0.14 and x=0.21). However, the decrease in Tc then leads to an
increase in reduced gap (Fig. 7.5b). Secondly, as the Co doping concentration in-
creases, the normalised spread increases. These factors combined suggest that Co
dopants within the superconducting plane act as scattering centers, which reduce
Tc faster than the gap, 2∆. Locally, such a scattering center could reduce the gap
size due to a reduction of the pairing interaction. At the same time, the presence or
absence of Co atoms could perhaps locally enhance the pairing interaction, leading
to the larger gaps seen with STS. Note that even though lifetime broadening due
to impurities effectively pushes out the coherence peaks, variation in peak-to-peak
separation cannot be explained by such broadening alone. For instance, small gaps
have been seen to have a relatively high zero bias conductance and large gaps can
have relatively large coherence peaks (see Fig. 7.1c), opposite to what is expected in
case of lifetime broadening only.

Seeing as the surface layer of the 122 pnictides is distorted with respect to the
bulk as was shown in chapter 4, one should not overlook the possibility that the sur-
face might in fact not be superconducting, but that superconducting signatures are
picked up in STS at the surface due to the proximity effect. Depending on the dis-
tance from the tip to the superconducting condensate below the surface layer, gaps
will have different magnitudes. It has been reported in Ref. [153] that one of the
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signatures of the proximity effect in tunneling spectra is the appearance of a dip just
outside the coherence peaks, a feature that is readily observed in Fig. 7.2c. Such
features, however, are not conclusive as they could be a result of the division of
the low temperature spectrum by the high temperature (i.e. temperature broadened
spectrum) and can also for instance mark the energy of a bosonic mode. More impor-
tantly, the absence of any correlation between the gap magnitude and topography,
and the lack of variation in gap magnitude in the possibly even more distorted P
doped Ba122 seem to argue strongly against such a proximity effect scenario.

Nanometer scale spatial variations in the superconducting gap magnitude have
previously been reported in literature in dirty limit superconductors close to the
superconductor-to-insulator (SI) transition [165]. Upon increasing the disorder in
these materials, the variations in the superconducting gap were seen to increase and
due to a disorder induced decrease in Tc, the ratio ∆pp/Tc was seen to increase upon
increasing disorder. Although the pnictide superconductors studied here are not
close to an SI transition, the observations are very similar to this scenario, which
strongly suggests that scattering from Co dopants within the superconducting Fe
plane are important in these systems and strongly affect the tunneling signatures and
reduced gap values. This picture is corroborated by theoretical calculations [166],
which argue that the extra d-electrons coming from the Co dopant atoms are actu-
ally not charge doping the system, but are localised on the Co atoms. The Co dopants
are therefore suggested to act as scattering centers that scramble k-space such that
the spin density wave order is suppressed, enabling superconductivity to emerge.

Another noteworthy point is that since an increase in the Co doping leads to an
increase in reduced gap value, care should be taken with the interpretation of the
reduced gap extracted from peak-to-peak separations in STM/S, but also those ex-
tracted from ARPES measurements. The data presented here show that a simple
conclusion as regards the validity or otherwise of BCS theory based on the reduced
gap value on Co-doped 122 systems cannot be made, prior to a careful examination
of the scattering effects of the dopants in the Fe plane. Fig. 7.5b does indicate, how-
ever, that upon extrapolation to the point where no scattering is present (i.e. σ/∆pp

↓ 0, the reduced gap value comes out within the BCS range.

7.6 Summary

Spatially resolved tunneling spectra have been taken on BaCoxFe2-xAs2 samples for
doping concentrations spanning the superconducting dome. Unlike for the cuprates,
the reduced gap, 2∆/kBTc, is seen to increase for increasing doping concentrations,
reaching values as high as 10 for overdoped compounds. At the same time, the vari-
ation in the gap normalised to the average gap, σ/∆pp increases for increasing Co
doping concentrations, reminiscent of inhomogeneity induced gap variations seen
in superconductors close to a superconductor-to-insulator transition. The absence
of variation in peak-to-peak separation in spectra taken on BaFe2PxAs2-x strongly
suggest that the Co atoms in the Fe plane are responsible for the large spatial vari-
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ation in the reduced gap and the large value thereof. The latter notion is supported
by preliminary measurements on isovalently doped BaRuxFe2-xAs2, which suggest
the inhomogeneity in the Fe plane is crucial in the interpretation of the data, but
also that the details of the type of dopant are important as Co seems to act as a
stronger scattering center than Ru. The suggestion put forwards in Ref. [166] that
dopant atoms act as k-space scramblers instead of charge dopants seems to fit nicely
within this picture. Aside from highlighting the effect of Co dopants in the Fe plane,
the measurements on P doped Ba122 furthermore argue against a proximity effect
induced spatial variation in the superconducting gap. Such a scenario was not un-
likely in light of the deviation of the surface from the regular bulk structure as has
been shown in chapter 4. Having thereby shown that the tunneling spectra are in-
deed a result of a spatially varying superconducting condensate, the inhomogeneity
induced increase of the reduced gap puts restrictions on the applicability of 2∆/kBTc

in the discussion of the pairing strength of the pnictides. A proper understanding
of the STM/S data presented here requires a better theoretical understanding of the
local pair-breaking or pair-enhancing effects of dopant atoms in a multiband super-
conductor.
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