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Surface superconductivity emerged from disordered surface in undoped BaFe2As2
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Among the iron-based superconductors, “122”-type compounds have been widely studied due to the avail-
ability of high-quality single crystals. However, due to lack of a natural cleavage plane, the cleaved surface
is usually polarized, which allows doping change or structure modification on the surface. In this paper, we
propose a simple method to successfully transform the 122-type parent compound BaFe2As2 to a superconductor
via room-temperature relaxation or uniaxial strain. Using scanning tunneling microscopy/spectroscopy, we
demonstrate that this superconductivity results directly from the disordered surface morphologies. Based on
the transport results and the disappearance of superconductivity with every new cleave, we conclude that the
superconductivity only manifests at the most superficial surface. Our finding opens up an unexpected way to
achieve superconductivity in undoped BaFe2As2, other than chemical doping, which may offer an alternative
channel to understand the iron-based superconductivity and its connection with disorders.
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I. INTRODUCTION

Superconductivity is a well-explored phenomenon that has
been observed in many materials upon cooling to very low
temperatures. Conventional superconductivity has been read-
ily described by the well-known Bardeen–Cooper–Schrieffer
theory [1]. However, the discovery of unconventional su-
perconductors challenges and extends this paradigm in an
unexpected way [2]. In the case of iron-based superconduc-
tors (FeSCs), electron-electron interactions and multi-orbital
characteristics give rise to a complicated phase diagram [3].
Hund’s interaction is believed to play an important role in
the normal state of FeSCs [4–12]. Besides the superconduc-
tivity, other electronic orders, such as magnetic order [13] and
nematic order [14], emerge from the normal state before the
system goes into a superconducting state.

The alkaline-earth iron pnictide BaFe2As2 (122 type) with
ThCr2Si2 structure is one of the most investigated iron-based
materials [15]. In the undoped form, BaFe2As2 is gener-
ally not superconducting under normal conditions with an
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orthorhombic antiferromagnetic ground state at low temper-
ature [16]. Although it is well known that superconductivity
can be achieved by applying pressure [17,18] or doping (iso-
valent doping, e.g., using P to substitute As; acceptor doping,
e.g., using K to substitute Ba; donor doping, e.g., using Co
to substitute Fe) [19,20], some undoped as-grown BaFe2As2

samples can exhibit traces of superconductivity with a su-
perconducting transition temperature (Tc) around 20 K; e.g.,
the resistivity ρ of some samples shows a significant drop
at 20 K as previously reported [21]. Similar results have
also been observed in other 122-type iron pnictides [22].
The resistivity of SrFe2As2 actually goes to zero along with
partial diamagnetic screening [23]. Strain or lattice distortion
was thought to be the trigger for the superconductivity in
these undoped 122-type iron pnictides. Meanwhile, Kim et al.
disregarded strain as the cause for the superconductivity in
their in-flux-grown BaFe2As2 and attributed it to the self-
doping caused by crystal defects [24]. Adding to the puzzle,
people also observed water-vapor-induced superconductivity
around 20 K in SrFe2As2 thin films [25]. In addition, a
5–10 µm thick superconducting layer was observed on the
surface of the nominal undoped BaFe2As2 after exposing to
fluorine gas [26]. Interfacial superconductivity was found in
122-type parent compounds by simple subsequent annealing
of the as-grown samples in an atmosphere of As, P, or Sb
[27]. Different thermal history can induce the self-flux-grown
CaFe2As2 to undergo different structural phase transitions
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FIG. 1. STM topographic images and dI/dV spectra of BaFe2As2 cleaved at different temperatures. (a) Crystal structure of BaFe2As2.
(b), (c) Summary of topographic images taken from various locations cleaved at 77 K (U = 70 mV, It = 30 pA). Upper insets in (b), (c)
are schematic drawings for the 1 × 2 dimers and (

√
2 × √

2)R45 surface reconstructions (upper As: purple; lower As: light blue; Fe: red;
Ba: green). Lower insets in (b), (c) are zoomed-in images for the 1 × 2 dimers and (

√
2 × √

2)R45 surface reconstructions [(b) U = 70 mV,
It = 200 pA; (c) U = −50 mV, It = 6 nA). (d) Typical dI/dV spectra on 77 K–cleaved samples. The black dI/dV curve was taken on the As
dimer surface and the red dI/dV curve was taken on the Ba surface. (e)–(g) Summary of topographic images taken from various locations
cleaved at 300 K [(e), (f) U = 500 mV, It = 100 pA; (g) U = 100 mV, It = 50 pA]. (h) Typical dI/dV spectra on samples cleaved at 300 K.

at low temperature. Superconductivity was observed in the
collapsed phase [28] and mixture phase [29,30]. By super-
lattice engineering, the bonding distance and As-Fe-As bond
angle can be altered in a well-controlled way because of
the lattice mismatch between the iron-based superconduct-
ing thin film and the substrate [31,32]. Superconductivity
has been found in an undoped BaFe2As2 thin film grown
on Fe-buffered MgAl2O4 [33] and in BaFe2As2/SrTiO3

superlattice [34,35].
In order to apply advanced surface sensitive measure-

ment techniques such as scanning tunneling microscopy/
spectroscopy (STM/S), one needs to obtain a clean sur-
face in vacuum while preserving the bulk stoichiometry and
structure. The polar surface of a cleaved BaFe2As2 single
crystal hinders intrinsic measurements of STM/S, in con-
trast to other FeSCs such as FeSe and LiFeAs, which have
a clear and nonpolar surface that can minimize the surface
effect [36,37]. As every coin has two sides, the polar sur-
face can also give us a playground to explore interesting
phenomena only existing on the surface which might shed
light on the understanding of FeSCs. In this paper, we report
a simple method to induce superconductivity on the sur-
face of undoped parent compound BaFe2As2. Using STM/S
we systematically studied the evolution of superconductiv-
ity on the surface of BaFe2As2. We found the emergence
of superconductivity on the surface with room-temperature
relaxation or applying uniaxial strain, accompanied by ap-
pearance of disorders of the ordered BaFe2As2 surface. We
measured the superconducting gap (�sc) and the supercon-
ducting transition temperature (Tc). Our results provide the

hints of iron-based superconductivity and its relationship with
disorders.

II. METHODS

Single crystals of BaFe2As2 were grown by the self-flux
method. The flux FeAs was obtained by reacting the powder
of Fe (99.99%) and As (99.99%) in an evacuated quartz tube
at 740 °C. Then thin Ba (99+%) pieces and FeAs grains
were mixed with a molar ratio of Ba:FeAs = 1:4 and the
mixture was loaded into an Al2O3 crucible and sealed into
a quartz tube. The tube was heated at 1180 °C for 10 h and
slowly cooled to 1050 °C at a rate of 5 °C/h. The samples
were cleaved in ultrahigh vacuum and inserted into the STM
head immediately after cleaving. The STM measurement was
carried out at 4.2 K unless otherwise described. STM/S mea-
surements were carried out in ultralow-temperature STM with
a 16 T magnet (Unisoku USM1300). The energy resolution is
better than 0.19 meV with an effective electron temperature of
0.67 K. Tungsten tips made by electrochemical etching were
used after electron beam heating and calibrated on a clean
Au(111) surface.

III. RESULTS AND DISCUSSIONS

The crystal structure of the parent compound BaFe2As2 is
shown in Fig. 1(a). The weakest bonding between the adjacent
As and Ba layers is believed to be broken during a typi-
cal cleave process, which exposes two inequivalent surfaces
formed by As or Ba atoms. As both Ba and As layers are polar
surfaces, surface reconstruction may occur to equilibrate the
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FIG. 2. Relaxation experiment for BaFe2As2. (a) dI/dV spectra were measured after the room-temperature relaxation process. The gap
shows a multigap feature indicated by the black arrows. (b) Schematic diagram for relaxation process. The number on the axis represents
the relaxation time. Topographic images after each circle are shown in (c)–(g). (c1,c2) Constant-current image for BaFe2As2 cleaved at 77 K
(U = 70 mV, It = 30 pA) and corresponding spectra taken on the Ba termination (U = 100 mV, It = 200 pA). (d1–g1) Constant-current image
after different relaxation time labeled in (b) (U = 100 mV, It = 30 pA). (d2–g2) Corresponding dI/dV spectra taken at the region (d1–g1)
after the specific relaxation time (U = 100 mV; It = 200 pA).

unbalanced charge distribution [38–43]. As a result, various
morphologies or terminations on the cleaved surface could
make the properties of the surface distinct from the bulk
materials. After extensive experiments on different samples
cleaved at room temperature and 77 K without any relaxation
process, we summarize the typical images in Fig. 1. Based
on previous STM studies, two major surface reconstructions
cleaved at 77 K can be assigned for the surface termination
[41]: (1) As shown in the upper insets in Fig. 1(b), almost
all the Ba atoms are removed, and the few remaining Ba
atoms form scattered clusters instead of a complete atomic
layer. The exposed As layer is reconstructed with the 1 × 2
superstructure. Lower insets in Fig. 1(b) show the 1 × 2
superstructure consisting of one-dimensional stripes with in-
terstripe distance ∼7.9 Å. (2) As shown in the upper insets in
Fig. 1(c), many more Ba atoms are left on the lower As layer;
they are equally distributed on the adjacent As surfaces and
form a (

√
2 × √

2)R45 reconstruction. The lattice constant of
5.7 Å appears clearly in the lower insets in Fig. 1(c). Fig-
ure 1(c) shows the flat Ba termination with some vacancies.
Figure 1(d) depicts a typical dI/dV spectrum taken on the
flat area cleaved at 77 K with no adatoms or defects, which is
consistent with previous work [42]. The spectra taken on dif-
ferent terminations share the same shape with some noticeable
density of states (DOS) features indicated by the black and
red arrows in Fig. 1(d). The DOS features on the two termina-
tions have a small energy shift, which may indicate different

chemical potentials. However, when cleaved at room temper-
ature, the surface morphology becomes more complex [43].
Figure 1(e) shows a mazelike surface constituted by a 1 × 2
As dimer after being cleaved at room temperature. Figures 1(f)
and 1(g) show short and long 1 × 2 ordered As-dimer stripes,
respectively. The bright spots in the random distribution on the
surface are the Ba atoms. Figure 1(h) displays several spec-
tra taken on different surfaces cleaved at room temperature.
Compared to the spectrum taken on the surface cleaved at
77 K, the spectra have a much stronger DOS peak at negative
bias. We must emphasize that even though the dI/dV spectra
are different under different cleavage conditions, the spectra
on different locations under the same cleavage condition are
almost the same except for the small shift of the peaks of DOS.
The low density of states near the Fermi level indicates that
undoped BaFe2As2 is a poor metal without superconductivity
at 4.2 K.

A useful technique to modify the morphologies is room-
temperature relaxation in an ultrahigh vacuum chamber, since
the unstable polar surface can be easily influenced by external
perturbations. Remarkably, we obtained superconductivity in
all the relaxed samples cleaved at 77 K (superconductivity is
also obtained on a relaxed sample cleaved at room temperature
as shown in Fig. 6 in Appendix A). A typical observed
superconducting spectrum is shown in Fig. 2(a), which
indicates a multigap superconductivity, and the values of the
two gaps are similar as the reported bulk superconducting
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gaps of the superconducting Ba0.6K0.4Fe2As2 [44,45]. We
systematically studied the evolution of this superconductivity.
We did the room-temperature relaxation process following the
schematic shown in Fig. 2(b). The sample was cleaved at 77
K in ultrahigh vacuum (< 2 × 10−10 Torr) and immediately
inserted into the STM head, which was already at the base
temperature (∼4.2 K). After the measurement, we transferred
the sample out of the STM head and relaxed it at room
temperature in an ultrahigh vacuum environment. Then the
sample was inserted back into the STM head and measured
again. This relaxation measurement cycle can be repeated
several times as shown in Fig. 2(b). Figure 2(c1) shows
the most commonly observed morphology for the pristine
surface with a (

√
2 × √

2)R45 reconstruction with the half Ba
coverage. Although there are inevitable Ba vacancies on the
surface, Ba atoms cover the termination almost completely.
We first measured spectra on the Ba termination at 4.2 K.
Similar to the earlier STM results, the tunneling spectrum
preserves the same shape with arresting DOS features at −62
and 42 mV as indicated by the black arrows in Fig. 2(c2).
After 30 min of room-temperature relaxation, the coverage
of Ba atoms decreases. Small patches of the Ba atomic
layer appear first, as shown in Fig. 2(d1). The tunneling
spectrum taken on the flat area without adatoms and defects
has the same shape as the spectrum taken on the pristine
surface in Fig. 2(c2). With increasing the relaxation time, the
coverage of Ba atoms declines further. At the same time, a
disordered stripe structure appears, as shown in Fig. 2(e1).
Spectra taken on the flat area (the red dot) and the disordered
stripe region (the green dot) have different characteristics.
Compared to the spectrum measured at the red dot, the
spectrum taken at the green dot has a much stronger peak
at −62 mV, as shown in Fig. 2(e2), which is similar to the
spectrum taken on the surface cleaved at room temperature.
After 90 min of room-temperature relaxation, as displayed in
Fig. 2(f1), the majority of terminations form the disordered
stripe structure, and the spectrum restores to the dI/dV
curves measured on samples cleaved at room temperature,
as shown in Fig. 2(f2). After 150 min relaxation, the surface
morphology becomes more disorganized with very short
stripes and bright adatoms randomly distributed as shown
in Fig. 2(g1). Most strikingly, the tunneling spectrum shows
that the density of states increase around the Fermi level,
and a dip precisely located at 0 mV is visible in Fig. 2(g2).
Further experiment confirms that this dip is a superconducting
gap.

In addition to relaxation at room temperature, a uniaxial
strain is another method for modifying the surface. Thus,
we carried out STM/S measurements on BaFe2As2 cleaved
at room temperature under the uniaxial strain applied by a
homemade device [46]. With this simple device, a strain along
a specific direction can be applied on the sample. Whether we
apply the stress in the [110] or [100] direction, whether we
cleave first and then apply the uniaxial stress, or vice versa,
we always end up with the surface morphology depicted in
Figs. 3(a)–3(c). There is no ordered surface reconstruction in
this case, similar to the case of room-temperature relaxation.
Long-range order is lost on the surface. Figure 3(d) displays
the averaged dI/dV spectra from specific surfaces. The blue
curve is taken from the room-temperature cleaved surface
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FIG. 3. Uniaxial strained BaFe2As2 cleaved at room tempera-
ture. (a) Typical STM topography for BaFe2As2 strained along the
[110] direction (U = 100 mV, It = 50 pA). After applying uniaxial
stress, the sample was cleaved at room temperature. (b) Typical
STM topography for BaFe2As2 strained along the [100] direction
(U = 100 mV, It = 30 pA). The sample was cleaved at room tem-
perature after applying uniaxial stress. (c) Typical STM topography
for BaFe2As2 strained along the [100] direction (U = 100 mV, It =
30 pA). The sample was cleaved at room temperature and then uni-
axial stress was applied. (d) Averaged dI/dV spectra from specific
surfaces. The spectra from the room-temperature cleaved surface
without uniaxial stress is also plotted for comparison. The spectra
are shifted for clarity.

without strain. The dI/dV spectra obtained on the surface
of the strained sample concur with what we observed in
Fig. 2(g2) for the relaxed sample without strain, with a clear
dip precisely located at 0 mV. In both the relaxed and strained
samples, a disordered surface is invariably accompanied by
superconductivity.

To verify the nature of superconductivity for this observed
gap, we conducted more detailed measurements on the sample
relaxed for 150 min, as shown in Fig. 4 (the superconduct-
ing gap taken on the uniaxial strained sample is shown in
Fig. 7 in Appendix B). The surface topographic image is
shown in Fig. 4(a). Figure 4(b) shows the spectra recorded
along the black line in Fig. 4(a). The vertical dashed lines
in the figure indicate the average positions of the symmetric
coherence peaks, which demonstrates that the disordered sur-
face exhibits an inhomogeneous superconducting gap. Here
we use the distance between the two coherent peaks as the
superconducting gap size 2�sc. Figure 4(c) shows the his-
togram of the superconducting gap magnitude. Fitting the
data using a Gaussian function, we get the mean gap value
�sc = 4.15 meV and the standard deviation σ = 0.58 meV.
The gap size observed here is qualitatively consistent with the
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FIG. 4. (a) Topographic image of a disordered surface after 150 min relaxation (U = 70 mV, It = 30 pA). (b) Spatially resolved spectra
taken along the arrow line in (a). Spectra are offset for clarity. All spectra were taken at 4.2 K. The two vertical dashed lines are a guide for the
eyes. (c) Histogram of superconducting gap size obtained along the arrow line in (a). The blue curve is a fitting using Gaussian function. The
mean gap value is 4.15 meV and the half width is 0.58 meV. (d) Temperature evolution of the superconducting gap. The spectra are shifted for
clarity.

gap observed in electron-doped Ba(Fe1−xCox )2As2 [47] and
hole-doped Ba1−xKxFe2As2 [44,45]. As shown in Fig. 4(d),
this gap is gradually suppressed at elevated temperatures and,
eventually, the coherence peak disappears at Tc ≈ 18 K. The
corresponding gap ratio of 2�sc/kBTc ≈ 5.34 is larger than the
predicted value of 3.53 in conventional BCS superconductors.
The surface superconductivity that emerged after relaxation
is further investigated by imaging magnetic vortices at 0.3 K
as shown in Fig. 8 in Appendix C. Figure 8 shows a series of
spectra measured along the white arrow line in Fig. 8(c). Upon
approaching the vortex core, the superconducting gap is grad-
ually suppressed, accompanied by vortex core states peaking
at negative bias. We have also measured spectra at zero field
at 0.3 K along the same trajectory as shown in Fig. 8(f). No
additional in-gap features can be seen, which indicates that
the observed vortex bound state is an intrinsic phenomenon
instead of impurity states. Compared to the asymmetric vortex
bound states observed in other iron-based superconductors,
the bound states observed here are broader, which suggests
that stronger scattering caused by the surface disorder smears
out the bound states.

Despite the disordered surface after relaxation, a few areas
of patches still exist that can identified with atomic resolu-
tion, such as As vacancy (red dot), Ba disorder (green dot),
and 1 × 2 superstructure consisting of As dimer (blue dot),
shown in Fig. 5(a). Figure 5(b) is a zero-bias conductance

map taken in the same region as Fig. 5(a). In general, the
zero-bias conductance is higher in the Ba disordered region.
To demonstrate more clearly, the typical spectra taken from
1 × 2 superstructure, As vacancy, and Ba disorder at 0.3 K are
shown in Fig. 5(c). The spectra are homogeneous within the
1 × 2 superstructure. The superconducting spectrum on the
Ba disorder (green) shows a suppressed coherence peak and a
shallower gap depth [defined by 1 − N (0), where N(0) is the
normalized dI/dV value at V = 0 mV], indicating a large im-
purity scattering effect. The common feature of these spectra
is the existence of residual DOS inside the superconducting
gap, which is different from Ba0.6K0.4Fe2As2 with negligible
zero-bias conductance in the bright region [44]. Considering
that there is no superconducting signal in transport measure-
ment (Fig. 9 in Appendix D) and the sample is restored to
“poor metal” after recleavage (Fig. 10 in Appendix E), we
infer that only the top surface layers become superconducting
after room-temperature relaxation. The residual DOS may
come from the unpaired electrons below the surface or from
the disorder-induced in-gap states.

We operated the same relaxation process for the samples
cleaved at room temperature. In contrast to the surface cleaved
at 77 K, the surface cleaved at room temperature has essen-
tially no Ba atoms left on it. However, following relaxation,
the surface becomes chaotic and also exhibits superconduc-
tivity. Additionally, uniaxial strain will not affect the surface
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FIG. 5. (a), (b) Zoomed-in topographic image of a region with As dimer, As vacancy, and Ba disorder (U = 30 mV, It = 30 pA) and a
dI/dV map taken at 0 mV for the same region. (c) Tunneling spectra taken at As dimer, As vacancy, and Ba disorder (U = 15 mV, It = 200 pA).
All spectra were taken at 0.3 K.

doping. Inferring from these, we conclude that self-doping
effects caused by Ba atoms escaping might not be the root of
the surface superconductivity. In fact, the exposed surface of
BaFe2As2 after cleavage might be away from the energetically
stable surface. The observed topography in Fig. 1 is in a
metastable state. Room-temperature relaxation and uniaxial
strain can cause the surface atoms to be redistributed and re-
lieve the surface lattice strain to minimize the surface energy.
Thus, the surface becomes disordered, and the long-range
order is disrupted. In the meantime, the peak of DOS at the
negative bias moves to the Fermi level, which is beneficial to
the formation of superconductivity. This shows that the disor-
dered surface changes the electronic structure dramatically. In
general, in the presence of severe disorder, superconductivity
should be destroyed and possibly undergo a superconductor-
insulator transition. The unusual surface superconductivity
observed here possibly arises from the suppression of
antiferromagnetic competing orders or multifractality of
electron wave functions [48–50]. The disordered surface
morphology and the relaxation of the surface lattice structure
could be the favorable factors for the emergence of sur-
face superconductivity in BaFe2As2. However, we admit that
other possibilities in our system cannot be completely ruled
out.

IV. CONCLUSION

In summary, we comprehensively studied the surface su-
perconductivity of the parent compound BaFe2As2 induced
by room-temperature relaxation and uniaxial strain. By using
STM/S measurement, we determined the superconducting gap
size and transition temperature. Because the superconductiv-
ity can be destroyed by recleaving the sample and because
there is no superconducting signal in transport measurement,
the superconductivity likely exists only on the surface. The
origin of surface superconductivity is yet to be identified. Our
observation reveals a simple way to achieve superconductivity
in undoped BaFe2As2 by using the unstable polar surface.

This unusual surface superconductivity offers valuable in-
sights into the occurrence of superconductivity in the 122-type
compounds.

FIG. 6. (a) Constant-current STM topography taken on
BaFe2As2 cleaved at room temperature without strain (U = 600 mV,
It = 100 pA). (b) Constant-current STM topography taken on
BaFe2As2 after room-temperature relaxation (U = 500 mV, It =
100 pA). (c) Enlarged constant-current STM topography taken on
BaFe2As2 cleaved at room temperature after relaxation (U = 60 mV,
It = 100 pA). (d) Spatially resolved spectra of dI/dV recorded
along the trajectory (black line) indicated in (c). The spectra were
taken at 0.3 K.
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FIG. 7. (a) Topographic image of a disordered surface cleaved at room temperature with [100] direction strain (U = 100 mV, It = 100 pA).
(b) Spatially resolved spectra taken along the black arrow line in (a). Spectra are offset for clarity. All spectra are taken at 4.2 K. (c) Histogram
of superconducting gap size obtained along the arrow line in (b). The blue curve is a fitting using Gaussian function. The mean gap value is
4.11 meV and the half width is 0.46 meV. (d) Temperature evolution of the superconducting gap.
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APPENDIX A

Unstrained BaFe2As2 was cleaved at room temperature,
and a relaxation experiment was conducted. See Fig. 6.

APPENDIX B

A superconducting gap was taken on a uniaxial strained
BaFe2As2 sample. See Fig. 7.

APPENDIX C

As Fig. 8 shows, the vortex and vortex bound state were
observed in BaFe2As2 at 0.3 K.

APPENDIX D

See Fig. 9, which shows transport measurement for a uni-
axial strained sample.

APPENDIX E

Figure 10 shows the 1st cleave - relaxation - 2nd re-cleave
process.
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FIG. 8. (a), (b) Topographic image of a disordered surface after relaxation (U = 70 mV, It = 30 pA) and corresponding zero-bias
conductance map at a magnetic field of 5 T. (c) A zero-bias conductance map around a vortex (area: 15 nm × 15 nm) taken at T = 0.3
K, B = 5 T. The inset is the topographic image of the vortex shown in (c). (d) Red solid circles are the line profile of the zero-bias conductance
map of a vortex. The red line is the fitting result using the exponential decay function. The coherence length for the surface superconductivity
is ξ = 3.6 nm. (e) Intensity plot of dI/dV and waterfall-like dI/dV spectra along the white arrow line across the vortex in (c). Spectra are
offset for clarity. The black arrow represents the direction of the waterfall plot. (f) A series of spectra measured at 0 T along the same trajectory
as that in (e).

FIG. 9. Temperature-dependent resistivity with different strain.
The measurements were carried out by a standard four-probe method.
The green curve was taken on unstrained BaFe2As2. Red and blue
curves were taken on the other sample with [110] direction strain.

FIG. 10. (a) Topographic image of Ba surfaces cleaved at 77 K.
(b) Topographic image of disordered surface after room-temperature
relaxation. (c) Topographic image of BaFe2As2 after recleaving at
77 K (U = 1 V, It = 100 pA). (d) Corresponding dI/dV spectra
taken at the region in (a)–(c) (U = 10 mV, It = 200 pA).
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