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Low energy electron diffraction (LEED) experiments, LEED simulations, and finite slab density

functional calculations are combined to study the cleavage surface of Co doped BaFe2�xCoxAs2
(x ¼ 0:1; 0:17). We demonstrate that the energy dependence of the LEED data can only be understood

from a terminating 1=2 Ba layer accompanied by distortions of the underlying As-Fe2-As block. As a

result, surface-related Fe 3d states are present in the electronic structure, which we identify in angle

resolved photoemission spectroscopy (ARPES) experiments. The close proximity of the surface-related

states to the bulk bands inevitably leads to broadening of the ARPES signals, which excludes the use of

the BaFe2�xCoxAs2 system for accurate determination of self-energies using ARPES.
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The recently discovered iron pnictide superconductors
[1] have quickly turned into one of the most widely studied
systems in condensed matter research, using all the modern
tools that have been perfected through years of research on
another class of high temperature superconductors: the
cuprates. However, two of the most important and widely
used tools to determine the electronic structure, scanning
tunneling microscopy (STM) and angle resolved photo-
emission spectroscopy (ARPES) are surface sensitive
techniques. It is therefore crucial to assess the impact of
the surface on the electronic structure.

Several different structures containingAs-Fe2-As blocks
are known: LnOFeAs, MFeAs, and MFe2As2, commonly
referred to as the ‘‘1111,’’ ‘‘111,’’ and ‘‘122’’ families.
Subdividing the unit cell into As-Fe2-As blocks and spacer
layers results in an alternating stack of positively and
negatively charged layers. Because of the alternating
charges of these layers, the presence of a surface can
give rise to a diverging electric potential in the solid
[2,3]. Such polar surfaces are energetically unfavorable,
and usually a structural or electronic reconstruction takes
place to prevent their occurrence. LaOFeAs is such an
example: cleavage takes place between the LaO and
As-Fe2-As blocks, resulting in either a highly recon-
structed La or As termination [4], which supports
surface-related states that have been observed in ARPES
[5]. The surface of the 111 system, on the other hand,
barely influences the electronic structure [6].

This leaves the MFe2As2 pnictide superconductors
which are by far the most widely studied using surface
sensitive probes. In this case, STM experiments show
a diversity of topographies resulting from the cleaving
process [7–12], which have been interpreted as either

consisting of As or Ba layers. Recent first principle calcu-
lations for the parent compounds show a reconstructed,
Ba terminated surface to be energetically favorable, leav-
ing open the possibility for a metastable As termination
upon low-T cleavage [13]. There is a paucity of well-
founded experimental data on the exact surface structure
of the superconducting 122 compounds, in particular, when
cleaved at cryogenic temperatures as is usual for ARPES
and scanning tunneling spectroscopy (STS) studies. Con-
sequently, the impact of the real surface structure
on the electronic states responsible for superconductivity
remains an open and important issue.
In this Letter we combine IV-LEED (low energy elec-

tron diffraction) experiments and simulations with density-
functional theory (DFT) slab calculations to investigate the
cleavage surface of superconducting, Co-doped Ba122.
The data show that the half Ba layer termination has an
impact on the underlying As-Fe2-As block, leading to
significant departures from the bulk structure. This gives
rise to surface-related Fe 3d bands, which, in turn, can be
found in our ARPES data. These surface states impede
accurate quantitative analysis of (for example, the widths
of) ARPES features in the Ba122 systems.
We start with the LEED experiments. Samples were

top-post cleaved in situ at pressures better than
5� 10�11 mbar at temperatures under 20 K—following
the standard recipes used in ARPES and/or STS studies.
For details on samples and experimental procedures, see
supplementary materials [14]. The measured LEED pat-
terns for x ¼ 0:1 and 0.17 samples [Figs. 1(a) and 1(b)]
resemble a 2� 2 pattern, which in fact arises from a
combination of ordered surface structures as indicated in
Fig. 1(c). In order to circumvent the polar surface (type III
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in the classification of Ref. [2]), half of the Ba layer goes
with each half of the cleaved crystal. This now places a
terminating 1=2 Ba layer with charge þ1 on top of the
underlying As-Fe2-As block which has overall charge �2.
We obtain a zero net dipole moment if we think of the
Ba layer below the uppermost As-Fe2-As block as half
belonging to this upper block and half belonging to the
next As-Fe2-As block below. Continuing in this fashion
represents the only energetically favorable situation of
any likelihood [15]. Ordering in the partial Ba termination
layer gives rise to the additional, fractional spots in the
LEED images as indicated in Fig. 1(c). The patterns ob-

served are identified as 2� 1, 1� 2, and
ffiffiffi

2
p � ffiffiffi

2
p

ordered
partial Ba termination layers. The integer 1� 1 pattern
contains higher order reflections from all types of super-
structure. The reconstructions are not limited to the tetrago-
nal phase only: the LEED pattern of the underdoped,
orthorhombic phase is identical, as shown in Fig. 1(b).

Even though the arguments presented above on the basis
of energetics are already persuasive, we now prove the 1=2
Ba termination using IV-LEED data, in which we solve for
the real surface structure of the outermost four atomic
layers. Figure 2 presents the results from an x ¼ 0:17
sample, together with the relevant simulations, carried
out using the Barbieri–van Hove SATLEED package [16]
(see supplementary material [14] for details). Pendry R
factors [17] are used to measure the level of agreement
between experiment and simulation. Simulations assuming
a bulk crystal terminated by a 1=2 Ba layer with either
ffiffiffi

2
p � ffiffiffi

2
p

or 2� 1 superstructure resulted in overall Pendry
R factors, RP � 0:31 and RP � 0:46, respectively. As a
satisfactory solution should have Rp < 0:3, the ordered

superstructures of the half Ba layer alone are not sufficient.
We therefore allowed the atomic positions of the deeper
lying layers to relax. Given the measured energy ranges (in

total 1208 eV for the
ffiffiffi

2
p � ffiffiffi

2
p

and 1782 eV for the 2� 1
superstructure), optimizing the parameters of the first four

atomic layers so as to give reliable estimates of the actual
deviations from bulk positions proved to be feasible.
We arrive at final Pendry R factors of Rp ¼ 0:19 for the

resulting distorted
ffiffiffi

2
p � ffiffiffi

2
p

termination and Rp ¼ 0:29

for the distorted 2� 1 structure. IV simulation for a
2� 2 reconstruction was unable to arrive at Rp < 0:5 for

any 2� 2 structures we adopted. We also tried As termi-
nated surfaces, also relaxing the atomic positions in the
first three layers. This gives much higher Pendry R factors,
RP � 0:48 for the 2� 1 structure and RP � 0:42 for the
ffiffiffi

2
p � ffiffiffi

2
p

structure. Therefore, based both on robust elec-
trostatic considerations and our quantitative IV-LEED
study, we can conclusively state that the termination sur-
face of the Co-doped Ba122 superconductors cleaved at
cryogenic temperatures consists of a half Ba layer coupled
to relaxed atomic positions in the near-surface layers.
The atomic positions from IV-LEED are given in tables

in the supplementary material [14], and clearly indicate
significant deviations from the bulk structure. Apart from a
small reduction in the interplanar distances, we also ob-
serve buckling of the outermost As-Fe2-As block and
lateral displacements of the atoms in the first four layers.
The Debye temperature of the surface Ba atoms is found to
be quite low (60 K), making these Ba atoms relatively
mobile. This matches the observation that the fractional
spots irreversibly fade out when the sample is warmed to
approximately 150 K [10]. STM experiments also report
destruction of the long-range order seen in the topographs
by thermal cycling to high temperature [7]. Incidentally,
this also explains why no clear fractional spots where
observed in Ref. [9], as those samples were cleaved at
room temperature. Seeing as almost all ARPES studies
are conducted on cryogenically cleaved samples, the low
T structure reported here is of direct relevance.
Now that we have proven the existence of significant

(sub)surface reconstructions, the next step is to quantify

FIG. 2 (color online). Half integer IV curves for both termi-
nations. Left-hand side: 2� 1 termination; right-hand
side:

ffiffiffi

2
p � ffiffiffi

2
p

termination. The Pendry R factor is indicated
for each spot.

FIG. 1 (color online). (a) Typical LEED images for E0 ¼ 114
and 292 eV for BaFe2�xCoxAs2 with x ¼ 0:17. (b) E0 ¼ 200 eV
for x ¼ 0:1. In each image, representative (1,1) spots are high-
lighted with red circles. All images taken at 17 K. (c) Real-space
and q-space structures of the 2� 1 and

ffiffiffi

2
p � ffiffiffi

2
p

structures
(green, Ba; purple, As; orange, Fe).
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their effects on the electronic structure. This we do via
DFT calculations for the different surface geometries using
the full potential local orbital code (FPLO) [18] (for details
see supplementary material [14]). We simulated the cleav-
age surface by using z-periodic replicas of a finite slab,
separated by vacuum (i.e., repeated slab calculations). The
structure of the slabs used in the calculations is shown in
Fig. 3(a). In Figs. 3(a) and 3(b) we show only the top half
of the slab: the other half is identical, but mirrored in
the lowest Ba layer shown. To distinguish the effect of
the Ba superstructure from the distortions, we repeated the
calculations with similar slabs that have all atoms at the

bulk positions, but with a 2� 1 or
ffiffiffi

2
p � ffiffiffi

2
p

ordered half-
layer of Ba at the surface. To address doping, the virtual
crystal approximation is employed. The Ba superstructures
impose a planar supercell on the whole slab, which has the
consequence that all bands, including the bulk bands, are
folded back into the smaller Brillouin zone of the supercell.
Obviously, this backfolding becomes less and less mean-
ingful as the layers become increasingly bulklike. In the
following, we unfold the band structures according to the
translational symmetry of the original planar unit cell using
the approach of Ref. [19] (see supplementary material [14]
for details). Figure 4(a) shows an experimental Fermi
surface (FS) for the x ¼ 0:17 sample measured at 74 eV
photon energy. The DFT bulk FS is shown in Fig. 4(b).
Comparing the two, we note two distinguishing features:
(i) a weak FS sheet at the X point in the experimental data
and (ii) the fact that the electron FS around M breaks the

fourfold symmetry of the bulk crystal. The first feature has
also been observed in SrFe2As2 [7], and disappeared when
the sample was heated to 200 K. The same feature is also in
the Ca122 data of Ref. [20], making it a ubiquitous feature
of the M122 iron pnictide family. Comparing with
Fig. 4(c), we see that this feature arises from the 2� 1
and 1� 2 superstructures. At this stage, we cannot decide

which out of the 2� 1 or
ffiffiffi

2
p � ffiffiffi

2
p

structures is respon-
sible for (ii), as both reconstructions lead to significant
deviations from fourfold symmetry. We also note that
we do not observe the large distortion-induced FS pocket
encircling the � point predicted by the calculations. More
extensive variation of the experimental ARPES parameters
(photon energy, polarization, geometry) will be necessary
to judge to what extent this is a matrix element effect.
In Fig. 5, we compare an Iðk; EÞ image taken along the

�-M direction in 5(a) with the bands calculated for the 5(c)

2� 1 and 5(d)
ffiffiffi

2
p � ffiffiffi

2
p

distorted structures. As has been
observed in all comparisons between ARPES and DFT
calculations in the iron pnictides, one can identify most
features if one includes a scaling factor renormalizing the
energy scale of the DFT data by a factor of 2–3. Apart
from this rescaling, there is good agreement between
the calculated and measured spectra. In particular, we ob-
serve a surface state, indicated in Fig. 5(a) by the dashed
yellow curve, that gives rise to the central peak in the
displayed energy distribution curve. Further proof for the

FIG. 3 (color online). Top view (a) and side view of half a
slab (b) used in the DFT calculations (green, Ba; purple, As;
orange, Fe). The blue shaded area in (b) indicates distorted
atomic positions, as obtained from the LEED experiments
(green, Ba; purple, As; orange, Fe. Coloring identical to Fig. 1).

FIG. 4 (color online). (a) Fermi surface of BaFe1:83Co0:17As2
measured with 74 eV, p-polarized photons. Indicated in yellow is
the 1st Brillouin zone and the � andM points. The dashed yellow
line indicates the cuts shown in Fig. 5. (b) Undoped bulk FS from
DFT. (c) Unfolded FS for the 2� 1 termination, from DFT using
the relaxed atomic positions and virtual crystal approximation
doping of 0.17. Dark (red), bulk; light (green), surface; brown,
mixture of bulk and surface states. (d) Same as (c), but for the
ffiffiffi

2
p � ffiffiffi

2
p

structure.
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identification of this band with surface-related states comes
from Fig. 5(b), which is the same cut also measured at 10 K,
but taken after cycling the sample temperature to 150 K.
Like the fractional spots in the LEED experiments, the
surface-related features fade away on the irreversible melt-
ing of the ordered Ba superstructure. Comparing the com-
plexity of surface and bulk bands in 5(c) and 5(d) with the
experimental data, several surface states probably contrib-
ute to the experimentally observed surface state. The close-
ness of the surface and bulk states will inevitably lead to
a broadening of the ARPES spectra. It is likely that most
of our conclusions carry over to other members of the
122 family, as both termination surfaces have been ob-
served with STM. Ca122 appears to be somewhat special
due to the fact that there is a larger energy separation

between the 2� 1 and
ffiffiffi

2
p � ffiffiffi

2
p

termination states [13].
This is also evident from STM experiments where only
2� 1 termination is observed [21].

In conclusion, our combined IV-LEED (experiment and
theory) and band mapping (experiment and theory) have
clearly shown the surface of the Ba122-based high tem-
perature pnictide superconductors to be not only comprised
of a 1=2 Ba layer, but also to be significantly distorted with
respect to the bulk structure. This gives rise to surface-
related bands, which can be clearly identified in ARPES
data. These conclusions go a long way to resolving the
riddle as to why so much of the published ARPES data
on the Ba122 family is so broad: this is due to closely
overlapping surface and bulk-derived states. This essen-
tially excludes the use of the Ba122 system for accurate
determination of, in particular, the imaginary part of the
self-energies in these superconductors via ARPES.
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FIG. 5 (color online). (a) Iðk; EÞ image taken along the cut
indicated in Fig. 4(a). On the side we show an energy distribution
curve taken along the line indicated by the arrow. The dashed
curve indicates the surface state (SS). (b) Same as (a) but taken
after cycling in temperature. (c),(d) Calculated band structure for
the same momentum window. Note that the energy window is
twice as large for the DFT data.
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