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The structure and electronic property at the cleaved (001) surfaces of the newly discovered pnictide super-
conductors BaFe,_,Co,As, with x ranging from 0 to 0.32 are systematically investigated by scanning tunneling
microscopy. A V2 X \2 surface structure is revealed to dominate for all the compounds and is identified to be
Ba layer with half Ba atoms lifted off by combination with theoretical simulation. Charge inhomogeneity is
observed at this 12 X \2 surface associated with an energy gap of about 30 meV for all the compounds.
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I. INTRODUCTION

The lately discovered high-T7, superconductors based on
iron pnictides have ignited intense research interests, follow-
ing the cuprate boom.'”” Although progresses have been
made to understand their structural, electronic, and magnetic
properties, the nature of superconductivity is yet a mystery.®
Among the experimental techniques used to investigate the
high-T,. superconductors, surface-sensitive probes such as
angle-resolved photoemission spectroscopy (ARPES) and
scanning tunneling microscope (STM) have played a critical
role due to their unrivaled energy and spatial/momentum res-
olution. However the surface might differ from the bulk
structurally and electronically, due to the symmetry breaking
and/or reconstruction. So thorough understanding of the sur-
face structure and electronic properties at atomic scale is
crucial to interpret correctly the experimental databased on
surface-sensitive detections. On the other hand, the discrep-
ant correlation between lattice, charge, and spin at the sur-
face may lead to two-dimensional collective order, which
would open a door to the nanoelectronics applications based
on correlated materials.

STM has been used to investigate the 122-type pnictide
compounds, for which high-quality single crystals can be
grown.®” Stripe®!! or square-lattice!>'* structures were ob-
served at the surfaces of some certain compounds. The latter
was attributed to FeAs (Refs. 12 and 13) or 50% Ba (Ref.
14) terminations. So the surface termination of the 122-type
pnictides is still unclear, and the evolution of the geometric
and electronic structures as a function of doping level has
never been explored at atomic scale. In this paper, we report
systematic STM study of electron-doped 122 compounds
(BaFe,_,Co,As,) with nominal d(gping_composition of x=0,
0.08, 0.17, 0.20, 0.25, 0.32. A V2 X 2 surface structure is
observed to prevail for all the doping levels. With the aid of
theoretical simulation, this surface structure is determined to
be well-ordered Ba plane with half Ba atoms lifted off. Strik-
ingly, Electronic modulation with short-range order is char-
acterized on such V2 X \2 surface for all the compounds ac-
companied by an energy gap around 30 meV.
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PACS number(s): 74.25.Jb, 68.37.Ef, 74.50.+r, 74.62.Bf

II. EXPERIMENT

The growth of pnictide single crystals and their
magnetic/transport characterization have been described
elsewhere.!> The crystals were cleaved in situ at ~120 K in
ultrahigh vacuum environment with pressure lower than
2% 1071 mbar and immediately transferred into an Omicron
STM stage, which were already cooled to 5 K. We examined
one or two samples for each doping concentration. The same
tungsten tip was used for all the STM characterization.

III. RESULTS AND DISCUSSION

The dominating surface for all the samples is atomically
flat except for some defects or defect lines and a large-scale
STM image for x=0.20 is shown in Fig. 1(a). When low bias
and high current are adopted, square lattice with lattice con-
stant of ~5.6 A can be resolved on such surfaces, and the
typical STM images with atomic resolution for x=0 and 0.20
are shown in Figs. 1(b) and 1(c). This square surface lattice
dominates all the investigated compounds with Co concen-
tration ranging from 0 to 0.32. It is quite striking, since the
structure is orthorhombic for x<<0.20 while tetragonal for
x>0.20 at 5 K.'5 Occasionally, we also observed the stripe
structure that was reported previously.®~!! But it is rare in our
case and has only been observed in compounds with x=0
and 0.20. Scanning tunneling spectroscopy (STS) measure-
ment was also performed on such surfaces for all the inves-
tigated samples at 5 K, and the typical dI/dV spectroscopies
taken away from defects are shown in Fig. 1(g). A protrusion
feature at about —0.2 V is observed in the STSs for all the
samples, which could originate from collective ordering or
band-structure effect.

In the BaFe,_,Co,As, compounds consisting of FeAs lay-
ers separated by a single Ba layer, the bond between Fe and
As atoms is quite strong, so the cleavage is likely to happen
between the FeAs layer and Ba layer, or in the Ba layer,
leaving half of the Ba atoms on each exposed surfaces. The
latter is more preferable energetically from theoretical
calculation.'® In order to determine the universally observed
square surface structure, we did theoretical calculatiog witg
half layer of Ba atoms at the surface, which form v2 X 2
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FIG. 1. (Color online) (a) Large-scale STM image
of the BaFe 3Coy,As, surface with v2Xy2 structure

(V= O 5 V,I=05 nA). (b) and (c) are STM images showing
the \2 X \2 lattice with atomic resolution on the surfaces of
BaFe,As, (V,=30 meV,I=3 nA) and  BaFe, 3Cog,As,
(V;=2 meV,I=20 nA), respectively. (d) and (e) are the simulated
empty-state STM images with half Ba atoms on top of BaFe,As,
and BaFe, 75Coq,5As,, respectively. (f) The side view and top view
of the calculated structure of BaFe;;5Co(,5As,. The calculated
structure is orthorhombic in (d), and tetragonal in (e) and the inset
of (d). (g) dI/dV spectroscopies for BaFe,_,Co,As, with x=0, 0.08,
0.17, 0.20, 0.25, and 0.32, respectively. (h) Calculated LDOS for
different layers in BaFe,As,. The layer definition is shown in (f).

structure (in the tetragonal notation). Our calculations are
carried out by employing the Vienna ab initio simulation
package (VASP) using the general gradient approximation
with Perdew-Burke-Ernzerhof (PBE) functional and plane-
wave-basis sets.!”2 A supercell geometry with nine atomic
layers (four FeAs layers and five Ba layers) and a vacuum
layer about 30-A thick are used to simulate the surface. The
plane-wave cutoff is set to be 600 eV. For geometry optimi-
zation, we use a 4 X4 X1 Monkhorst grid’! to sample the
Brillouin zone while a denser 6 X6 X1 grid is used for
density-of-states calculations. During the structural optimiza-
tions, we fix the bottom three (two Ba and one FeAs) layers
in the bulk configuration and allow all other atoms in the
supercell to move until all forces vanished within
0.02 eV/A.

The simulated STM images for the parent with ortho-
rhombic and tetragonal structures are displayed in Fig. 1(d),
and both show squarelike pattern. No essential difference can
be resolved from our simulation although the symmetries of
the two structures diverge. It is reasonable considering that
the distortion of the low-7 orthormhombic structure from the
high-T tetragonal structure in BaFe,As, is quite minor.?> The

PHYSICAL REVIEW B 81, 104520 (2010)

1.2
a) b), ,
1.0
0.8
oAa-\V/ -
n [?)
< o.e-g £06
> >
3 L
2 04_\% = 0.4
0.2 0.2
A i : 0.0
-30 0 30 -300 30 -30 0 30
Sample bias (mV) Sample bias (mV) Sample bias (mV)

FIG. 2. (Color online) dI/dV spectroscopies measured along
line trajectories on the BaFe,_,Co,As, compounds with (a) x=0, (b)
0.20, (c) and 0.32. The tunneling setpoint for STS measurement is
same (V,=—0.1 V,I=0.5 nA). The lengths of the trajectories are
31, 32, and 28 nm, respectively. The gap feature is weaker in the
blue (light gray) curves than in purple (dark gray) ones.

simulated STM image for x=0.25 (tetragonal structure) is
shown in Fig. 1(e), which is similar to that of the parent
compound. Orthorhombic distortion also has little effect on
the simulated images. So the simulated STM images with
half Ba-layer termination well reproduce the experimental
data for both undoped and doped compounds. STM simula-
tion for the parent compound with FeAs layer as the surface
termination was also performed and only shows a squarelike
lattice of 4 AX4 A (or 1 X1 in the tetragonal notation).
This is inconsistent with the observed STM images.

We calculated the local density of states (LDOS) of the
parent for different layers and there is indeed a feature aris-
ing around —0.2 eV for the first Ba and FeAs layer, which is
consistent with the STS results. That hump is absent in the
LDOS of the inner Ba and FeAs layers. The agreement be-
tween experimental STM/STS results and theoretic simula-
tions strongly suggests that the cleaved surface for the series
of BaFe,_,Co,As, compounds with x ranging from O to 0.32
is terminated by half layer of Ba atoms. The half Ba atoms
form well-ordered \,2 X y2 structure, which is insensitive to
the orthorhombic structural distortion.

STS in narrower range around Fermi level was measured
on the V2 X2 surface for all the investigated compounds
and the typical spatially resolved dI/dV spectroscopies for
x=0, 0.20, and 0.32 are shown in Fig. 2. The dI/dV curves
show a little bias asymmetry, especially for x=0.32, which
could probably be due to the electron correlation effect.?
Surprisingly a weak gap structure is generally observed, even
for the parent compound. The gap size was defined by the
kinks of the dip structure around Fermi level. The averaged
gap size is 34*=6 meV for the parent, 285 meV for
x=0.20, and 38 =5 meV for x=0.32. We note that an energy
gap 30-40 meV is also observed at the V2 X2 surface of
SrFe,As,.!3 STS was also measured on the striped surface
for x=0.20 and the typical gap 2A is about 14 meV. It is
close to that previously observed by STM (~12 meV)
(Refs. 10 and 11) and ARPES (13 and 10 meV for different
Fermi surfaces)** on such striped surface, which was attrib-
uted to the isotropic s- Wave sgperconductlng gap. The en-
ergy gap observed at the V2 X V2 surface is much larger than
that at the striped surface, which indicates that the two sur-
faces diverge electronically. Occasionally gap feature be-
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comes very weak at some random locations [blue (light gray)
curves in Fig. 2]. But there seems no direct correlation be-
tween the STS and the topography by examining the site-
dependent STS in Fig. 2.

The surface geometric and electronic structures differ
from the bulk significantly, as evidenced by the 2 X V2 sur-
face reconstruction and the calculated layer-dependent
LDOS [Fig. 1(h)]. Consequently, the electron correlation
might be different at the surface, which could be the reason
why we did not observe the superconductmg_gap The uni-
versality of the observed gap feature at the 2 X V2 surfaces
suggests they might share the same origin. Bulk supercon-
ducting or spin density wave order can be excluded since the
investigated compounds have different bulk collective or-
ders. It could be the man1festat10n of a surface collective
order induced by the new V2 X2 surface termination. The
observation of a universal gap feature indicates that the elec-
tronic correlation on the surfaces might depart substantially
from the bulk and that the prediction of bulk properties based
on surface-sensitive probes should be very careful. The gap
feature is much stronger for the heavily doped samples, es-
pecially for x=0.32. The origin for such doping dependence
is not clear and may be related to the correlation strength
tuned by Co doping.

DI/dV mapping simultaneously with topography imaging
was performed on all the investigated samples. Typical STM
images and the corresponding dI/dV maps for x=0.17 are
shown in Figs. 3(a) and 3(f) with sample bias of 0.02 and
—-0.02 V, respectively. The V2 X 2 lattice with atomic reso-
lution is resolved in both topography and dI/dV images at
such low tunneling-junction resistance. Furthermore, inho-
mogeneous corrugations at nanoscale are observed, superim-
posed on the square lattice. This is also evidenced in Figs.
1(b) and 1(c). If the tunneling current is lowered while the
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FIG. 3. (Color online) A series of topography
images (upper) and corresponding dI/dV maps
(lower) for x=0.17 measured at the same area
with the size of 6.25X6.25 nm? when varying
the tunneling parameters: (a) V,=0.02 V and
I=2 nA; (b) V,=0.02 V and I=0.5 nA; (c)
V,=0.05 V and /=0.5 nA; (d) V,=0.1 V and
I1=0.5 nA; (e) V,=0.4 V and I=0.5 nA; (f)
V,=-0.02 V and I=1.5 nA; (g) V,=-0.02 V
and /=0.5 nA; (h) V,=-0.05 V and 7/=0.5 nA;
(i) V,=-0.1 V and [I=05 nA; and (j)
V,=—0.4 V and /=0.5 nA.

sample bias is unchanged, the atomic resolution becomes
weaker as shown in Figs. 3(b) and 3(g) due to the increased
distance between the tip and the substrate, while the nano-
scale corrugations are still preserved. When the bias voltage
is swept, the spatial inhomogeneity pattern in the same area
also varies correspondingly and even reverses at some loca-
tions as clearly shown in Fig. 3. So the nanoscale inhomo-
geneity is unlikely to originate from topographic effect and
should be due to electronic effect.

The larger-scale STM images and corresponding dI/dV
maps for different doping concentrations are shown in Fig. 4.
It is clear that the inhomogeneous charge modulation is a
universal phenomenon, which is observed for all the com-
pounds, including the parent compound, although it is rela-
tively weak. The inhomogeneity pattern does not have spatial
long-range order as indicated by the fast Fourier transform
(FFT) (not shown) nor obvious preferable orientation. The
evolution of the charge inhomogeneity as a function of the
sample bias is also investigated. The spatial pattern and char-
acteristic length of the charge inhomogeneity vary when the
voltage is changed. We did autocorrelation calculation for the
dl/dV images for quantitative analysis. The correlation
lengths can be extracted from the radially integrated line pro-
files, which characterize the mean distance between the
neighboring maxima/mimima.?> Figure 4(j) shows the aver-
aged correlation length depending on the doping level
(x=0.17, 0.20, and 0.25) and energy. Surprisingly, the corre-
lation length at a given energy and its evolution with energy
is quite similar for different doping levels although they
show different order and/or ordering strength in the bulk.
This suggests that the charge modulation for different doping
levels may share the same origin. The averaged correlation
length is about 3.0 nm.

DFT calculation failed to reproduce such charge inhomo-
geneity in both the parent and doped compounds as shown in
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FIG. 4. (Color online) Large-
scale topography (upper) and
dl/dv ~ (lower) images of
BaFe,_,Co,As, for (a) and (b) x
=0, (c) and (d) 0.17, (e) and (f)
0.20, and (g) and (h) 0.25. The
sample bias is 0.1 V for (a), (c),
(e), and (g), and —0.1 V for (b),
(d), (f), and (h). The tunneling
current is 0.5 nA for all the im-
ages. The images for the same
doping concentration are basically
in the same area. (i) Autocorrela-
tion image of the high-pass Fou-
rier filtered dI/dV image in (d)
and the corresponding radially in-
tegrated line profile. (j) Correla-
tion length derived from the auto-
correlation patterns of dI/dV
images as a function of sample
bias for x=0.17, 0.20, and 0.25.
Each value is averaged over about
ten measurements at different ar-

eas on the same sample.
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Figs. 1(b) and 1(c). The electron interaction in iron pnictides
is in the intermediate range,”® where charge-density wave is
strongly competitive with other collective orders,”’ and
might dominate at the symmetry-broken V2X 2 recon-
structed surface. Quasiparticle interference (QPI) could also
happen due to scattering from dopants or impurities. Since
gap feature and charge modulation are both generally ob-
served for all the investigated compounds, it is natural to
think that they might be connected, e.g., the energy gap re-
flects the characteristic energy of a short-range charge order
at the V2 X \2 surfaces. Further efforts are required to reveal
its origin unambiguously.

For cuprates, spatially periodic charge modulations have
been seen within the energy gap due to QPI oscillations in
the superconducting state® or electronic order in the
pseudogap state.>*3? The periodicity is energy dependent for
the former and independent for the latter. We acquired topog-
raphy and dI/dV images with sample bias of —0.01 V within
the energy gap as displayed in Fig. 5. The observed charge
pattern does not show any long-range order.

02 00 02
Sample bias (V)

IV. SUMMARY

In conclusion, a \EX \s"2 surface structure terminated by
half layer of Ba atoms is found to prevail at the surfaces of
BaFe,_,Co,As, compound with x varying from O to 0.32,
which is insensitive to the orthorhombic distortion. Charge

FIG. 5. (Color online) (a) Topography and (b) dI/dV images for
x=0.17 at V; of =0.01 V. The FFT of the dI/dV image is shown in
the inset of (b).
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inhomogeneity accomp_amed by an energy gap of around 30
meV appears at this v2 X V2 surface for all the investigated
Co doping levels. The observed electronic effects strongly
mdlcate that electron correlation at the symmetry-broken
\2 X \2 surfaces might diverge from the bulk. It also sheds
light on the exploration of cooperative effects of the corre-
lated materials in reduced dimensions.
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