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Abstract
Alkaline-earth iron arsenide (122) is one of the most studied families of iron-based superconductors,
especially for angle-resolved photoemission spectroscopy. Extensive results have been obtained
including band structure, gap anisotropy, etc. However, the complicacy of 122 caused by its charge-non-
neutral cleavage surface is rarely considered. Here, we show that the surface of 122 can be neutralized by
potassium deposition. In potassium-coated BaFe2(As0.7P0.3)2, the surface-induced spectral broadening is
strongly suppressed, while the coherent spectra that re�ects the intrinsic bulk electronic state recovers.
This raises the accuracy of the gap measurement and gap �tting to an unpreceded level. The results
clearly distinguish two pairing channels originated respectively from the inner and outer Fermi pockets.
While the gap anisotropy on the outer hole/electron pockets can be well �tted using an s± gap function,
the gap magnitude on the inner hole/electron pockets show a clear deviation. Our results provide
quantitative constraints for re�ning theoretical models and demonstrate an experimental method for
revealing the intrinsic electronic properties of 122 in future studies.

Introduction
After the discovery of superconductivity in LaO1 − xFxFeAs (1111), many families of iron-based
superconductor have been found, including iron-selenide (11), alkaline iron arsenide (111), alkaline-earth
iron arsenide (122), etc1,2. Among them, the 122 family is the most studied family of iron-based
superconductors, due to their high sample quality, high superconducting transition temperature (Tc),
tunable carrier density, and diverse compounds with different chemical substitutions. However, despite
these advantages, the lattice structure of 122 contains a single alkaline-earth-metal plane and therefore
has no charge-neutral cleavage surface (Fig. 1a,b). In BaFe2(As1 − xPx)2, for example, half Ba ions are
removed from the cleavage surface, and the residual Ba ions distribute inhomogeneously, forming
various surface terminations3–7. While the alkaline-earth-metal-terminated and arsenic-terminated
surfaces have been observed by scanning tunneling microscopy (STM)4–7, the alkaline-earth-metal-
de�cient surface also exists with a reconstruction of alkaline-earth-metal atoms with 1 × 2 and √2×√2
periodicities3,6,7. In bulk materials, one alkaline-earth-metal plane donates 1.5 electrons equality to the
two nearest Fe-As/P planes. However, at the surface, the charge-transfer to the topmost Fe-As/P plane
varies depending on the different concentrations of alkaline-earth-metal atoms, leading to a charge-
inhomogeneous and charge-non-neutral surface in the 122 iron-based superconductors.

Angle-resolved photoemission spectroscopy (ARPES) is a powerful technique that measures the
electronic structure of material in momentum space. In the studies of iron-based superconductors, ARPES
plays an important role in determining the band structure, Fermi surface topology, superconducting gap
anisotropy, etc8, 9. However, as a surface-sensitive technique, ARPES is very sensitive to the cleavage
surfaces of materials. In the studies of 1111, the separation of bulk and surface states has been
observed, which was attributed to the charge-non-neutral cleavage surface of 111110–12. Meanwhile, for
the most studied family of iron-based superconductors, the 122 family, however, its surface complicacy is
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rarely considered. While few theories and experiments show possible existences of surface states3,13, the
photoemission spectra is generally much more broadened in 12213–20 than in other families of iron-
based superconductors21–25. Such broadening behavior and its origin have not been well understood so
far.

Here, we report the measurement of gap anisotropy in an optimal-doped 122 compound
BaFe2(As0.7P0.3)2 utilizing ARPES and in-situ potassium deposition. We �nd that by depositing a small
amount of potassium on the sample surface, the spectra become sharp and coherent, which allows us to
measure the superconducting gap anisotropy on all Fermi surface sheets of BaFe2(As0.7P0.3)2 with
unpreceded precision. Using a single |coskxcosky| gap function, we could well reproduce the gap
anisotropy on the outer hole/electron pockets, but not on the inner hole/electron pockets. This indicates
that the superconducting pairing is pocket- or orbital-selective in iron-based superconductors, which leads
to the existence of two pairing channels originated respectively from the inner and outer Fermi pockets.
Our detailed and precise gap measurement provides crucial clues for uncovering the paring mechanism
of iron-based superconductors. It also implies that the surface complicacy of 122 need to be seriously
considered. The potassium deposition can be used as a practical experiment method for revealing the
intrinsic electron structure and gap anisotropy in the future studies of 122 iron-based superconductors.

Results
Evolution of electronic structure in potassium-coated BaFe 2 (As 0.7 P 0.3 ) 2 . The Fermi surface mappings
taken in the pristine and doped samples are compared in Fig. 1c,d. The photoemission spectra distribute
broadly in the pristine sample (D0). Shadow Fermi pockets could be observed at the Brillouin zone
boundary (X), indicating a 1 × 2 reconstruction at the cleavage surface. When depositing with potassium,
the sharpening of photoemission spectra is obvious. Two hole pockets (α and β) and two electron
pockets (δ and η) are now resolved clearly at the Brillouin zone center (Γ) and zone corner (M). The
sharpness of photoemission spectra taken in the doped sample transcends most previous ARPES studies
in 122, especially for the Fermi surface mapping around the M point8, 9, 14−17. The sharpness of spectra is
now comparable with that in the 11 and 111 iron-based superconductors21 − 25. Note that, the large hole
pocket (αZ) is a shadow pocket that is folded from the Z point due to the �nite kz resolution of ARPES17.

To further show the effect of potassium deposition, we take the energy-momentum cuts across the
hole/electron pockets and plot their doping dependence in Fig. 2. Around the Γ point, the spectra become
sharper with potassium deposition, and meanwhile the superconducting peaks become more coherent.
Around the M point, a surface band could be observed at around − 20 meV as pointed out by the white
arrow (Fig. 2c). With potassium deposition, this surface band weakens and eventually diminishes. As a
result, the superconducting coherent peak is clearly resolved in the symmetrized EDCs taken in the D3
sample (Fig. 2d). It should be noted that, the potassium deposition affects mostly the surface electronic
state, while leaving the bulk electronic state unaffected26, 27. As a result, we attribute the sharp spectra to
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the bulk electron state, whose Fermi crossings (kFs) and superconducting gap magnitudes (Δ) are
independent to the potassium deposition.

Superconducting gap anisotropy in potassium-coated BaFe 2 (As 0.7 P 0.3 ) 2 . The superconducting gap
anisotropy has been studied extensively in 122 iron-based superconductors, including Ba(Fe1 − 

xCox)2As2
16, BaFe2(As1 − xPx)2

18, Ba1 − xKxFe2As2
19, 20, etc. If the photoemission spectra consist of both

the surface and bulk electronic states, the measured gap magnitude could be inaccurate. Here, the
superconducting coherent peaks are well de�ned in potassium-coated BaFe2(As0.7P0.3)2 on all Fermi
surface sheets, which allow us to measure the superconducting gap anisotropy with unpreceded
precision. The results are shown in Fig. 3. The superconducting gaps on the α and β hole pockets (Δα and
Δβ) are nearly isotropic, while the superconducting gaps on the δ and η electron pockets (Δδ and Δη)
show moderate anisotropy. The gap reaches maximum at 90° for Δδ, while for Δη, the gap maxima locate
at 45° and 135°.

Figure 4 summarizes the angular distributions of the superconducting gap on all Fermi surface sheets. It
is commonly believed that the pairing symmetry of 122 is an s±-wave28–31 and the superconducting gap

anisotropy can be �tted using a Δ0|coskxcosky| gap function16, 18−20. Here, our detailed and precise gap
measurements allow us to test the validity of s± gap function quantitatively. We �tted the data using the
experimental determined Fermi surface and a Δ0|coskxcosky| gap function. As shown in Fig. 4b-f, for the
superconducting gap anisotropies on the β and η pockets, the four-fold gap anisotropy of Δη and the
relative gap magnitudes of Δβ and Δη can be well described by the s± gap function with Δ0 = 8.7 meV.
However, for the α and δ pockets, the superconducting gap clearly deviates from the s± gap function with
larger gap magnitudes, which indicate a stronger superconducting pairing on the α and δ pockets.

Discussion
For a single band superconductor, the superconducting pairing can be normally described using a single
pairing channel with a speci�ed symmetry. However, for iron-based superconductors whose Fermi surface
consists of multi-bands with multi-orbital characters, the pairing interaction could be complex and consist
of multiple pairing channels. Here, we show that the superconducting pairing cannot be described by a
single s± pairing channel, but instead consists of at least two pairing channels. One pairing channel
follows the s± pairing symmetry and originates from the pair scattering on the β and η pockets. The other
pairing channel contributes stronger pairing interactions and originates from the pair scattering on the α
and δ pockets.

According to theories, the pair scattering of electrons in iron-based superconductors could be mediated by
a large Q scattering that connects the Fermi pockets at the Γ and M points28 − 31. On one hand, it has been
proposed that the effectivity of the pair scattering is determined by the nesting condition of Fermi
surface. Here, the outer hole/electron pockets are similar in size and the inner hole/electron pockets are
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well nested. The nesting of Fermi pockets naturally separates out two pair scattering channels, which
locate respectively on the outer and inner Fermi pockets. On the other hand, it has been proposed that the
pair scattering is most effective when the nesting portions of Fermi surface have the same orbital
character29 − 32. Here, both the β and η pockets are constructed by the dxy orbital, while the α and δ
pockets are constructed by the dxz/dyz orbitals. The intra-orbital pair scattering leads to a separation of
two pairing channels respectively from the dxz/dyz and dxy orbitals. Based on above discussions, our
results suggest that the intra-orbitals pair scattering between two nested Fermi pockets play dominating
roles in the superconducting pairing of iron-based superconductors. As a result, the superconducting
pairing is pocket- or orbital-selective32, 33, which explains the deviation from a single s± gap function
observed here.

Finally, it is intriguing to discuss how the potassium atoms play roles on the surface of BaFe2(As1 − xPx)2.
There are several possible scenarios. First, electrons transfer from the potassium atoms to the sample
surface, which neutralizes the charge-non-neutral surface, leading to a suppression of the surface
broadening effect. Second, the potassium atoms could act as a catalyzer which causes the redistribution
of alkaline-earth metal atoms on the sample surface in a more homogeneous way. Third, the potassium
atoms scatter electrons at the sample surface. The surface electronic states then turn into an incoherent
and continuous background that is inconspicuous in photoemission spectra. To understand the
mechanism of potassium deposition, further experimental and theoretical studies are required.
Nevertheless, our results highlight the surface complicacy of 122 iron-based superconductors, which
implies that the previous photoemission data taken on 122 should be carefully revisited.

For superconducting gap measurements, previous ARPES studies observed double peak features on both
hole and electron pockets in Ba1 − xKxFe2As2, whose origin remains contraversal34–37. Some attribute it to

the band degeneracy34, 35, while others believe it is originated from the electron-bosonic coupling36 or in-
gap impurity state37. Here, we show that the surface effect is an alternative explanation of the double
peak features and could be veri�ed using the potassium deposition. Improving the accuracy of the
superconducting gap measurement could help for re�ning the theoretical models of iron-based
superconductors. On the other hand, for band structure measurements, previous ARPES studies observed
complex band structures in BaFe2As2, SrFe2As2, CaFe2As2, etc38–40. The number of bands is apparently
much larger than the expected number of bands in band calculations. Using potassium deposition, we
could distinguish the surface bands from the bulk bands. The results could clarify controversies and help
to get a uni�ed picture of the band structure of 122 iron-based superconductors.

In summary, we measured the superconducting gap anisotropy of potassium-coated BaFe2(As0.7P0.3)2

using ARPES. We not only show that the superconducting pairing is pocket- or orbital-selective, but also
highlight that the surface complicacy of 122 needs to be seriously considered. Using potassium
deposition, we could suppress the surface-broadening effect of 122 and reveal its intrinsic electron
properties. Together with all the advantages of 122, the studies of surface-neutralized 122 could provide
accurate and crucial clues for uncovering the pairing mechanism of iron-based superconductors.



Page 6/13

Methods
Sample preparations. High quality BaFe2(As0.7P0.3)2 single crystals were grown using self-�ux method41.
Ba2As3, Ba2P3, FeAs, FeP were starting materials, which were mixed at a molar ratio of 2.82 : 0.18 : 0.94 :
0.06, placed in an Al2O3 crucible, and sealed in an iron crucible. The crucible was heated at 1150 ℃ for
10 hours, and then the temperature cooled down to 900 ℃ at a rate of 1 ℃ per hour. Finally, 1 mm × 
1 mm × 0.2 mm high-quality single crystal can be obtained. The Tc is around 30 K as con�rmed by
magnetic susceptibility measurement.

Angle-resolved photoemission spectroscopy. The ARPES data were taken at Stanford synchrotron
radiation lightsource (SSRL) beamline 5 − 4. The photon energy is 23 eV. The overall energy resolution is
around 5 meV and the angular resolution is around 0.3°. The samples were cleaved in-situ and measured
in vacuum better than 5 × 10− 10 mbar. All data were measured at 8 K. The potassium deposition was
conducted in-situ using a potassium dispenser. We repeated the deposition several times. The deposition
sequence is denoted using Dn (n is the doping times). The current of the potassium dispenser is ~ 5.4 A,
and each deposition last for ~ 8 seconds.
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Figure 1

Surface complicacy of BaFe2(As0.7P0.3)2 a Schematic drawing of the lattice structure of
BaFe2(As0.7P0.3)2. The black solid line illustrates the position of the cleavage plane. b Schematic
drawing of the cleavage surface and potassium deposition. c Fermi surface mapping taken in the pristine
sample (D0). d is the same as panel c but taken in doped sample after three times potassium deposition
(D3).
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Figure 2

Band evolution in potassium-coated BaFe2(As0.7P0.3)2. a Doping dependence of the symmetrized
energy-momentum cuts taken around the Γ point. b Doping dependence of the symmetrized energy
distribution curves (EDCs) taken at the Fermi crossing (kF) of the α hole band. c and d are the same as
panels a and b but taken around the M point. The EDCs are taken at the kF of the δ electron band. The
deposition sequence is denoted using Dn (n is the doping times).
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Figure 3

Angular distributions of superconducting gap on Fermi surface sheets. a Angle dependence of the
symmetrized EDCs taken on the α hole pocket. The red dashed line guides the eyes to the gap anisotropy.
The right panel is a merged image of the symmetrized EDCs for better visualizing the gap anisotropy. b, c,
and d are the same as panel a, but taken on the β, δ, and η pockets respectively. All data were taken in the
D3 sample at 8 K.
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Figure 4

Superconducting gap �tting using an s± gap function. a Schematic drawing of the Fermi surface of
BaFe2(As0.7P0.3)2. b Plot of the superconducting gap as a function of |coskxcosky|. c Angular
distribution of the superconducting gap on the α pocket. d, e, and f are the same as panel c but taken on
the β, δ, and η pockets respectively. The black solid lines in all panels are the best �t using the gap
function Δ0|coskxcosky| with Δ0 = 8.7 meV.


