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Superconducting gap and pseudogap in the surface states of the iron-based superconductor
PrFeAsO1−y studied by angle-resolved photoemission spectroscopy
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In order to study the possible superconductivity at the polar surfaces of 1111-type iron-based superconductors,
which is doped with a large amount of holes in spite of the electron doping in bulk materials, we have performed
angle-resolved photoemission spectroscopy (ARPES) studies on superconducting PrFeAsO1−y crystals. We have
indeed observed the opening of a superconducting gap on surface-derived hole pockets as well as on a bulk-
derived hole pocket. The superconducting gap is found to open on the surface-derived hole pockets below the
bulk Tc, which suggests that the surface superconductivity is possibly induced by proximity effect from the bulk.
We have also observed the opening of a large pseudogap on the surface-derived hole pockets, which is similar
to the pseudogap in 122-type bulk superconductors doped with a smaller amount of holes. This suggests that the
opening of a large pseudogap is a characteristic property of hole-doped iron-based superconductors.
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I. INTRODUCTION

The discovery of iron-based superconductors has at-
tracted tremendous attention in materials science during the
last decade [1]. LnFeAsO (Ln = Lanthanoide) compounds,
so-called 1111-type superconductors, were first discovered
and have the highest superconducting transition temperature
(Tc ∼ 58 K) among the iron-based superconductors. In the
1111-type iron pnictides, superconductivity is realized by
electron doping through substitution of F for O [1], H for
O [2], Co for Fe [3], or introducing oxygen deficiencies
[4]. According to angle-resolved photoemission spectroscopy
(ARPES) studies, however, cleaved surfaces of the 1111 com-
pounds exhibit heavily hole-doped electronic structures. The
hole doping at the surface has been attributed to the surface
polarity of the 1111 compounds, which are inevitable due
to their crystal structures and cleavage planes [5–7]. All the
observed Fermi surfaces of the 1111 compounds were found
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to be kz independent, suggesting the two-dimensional nature
of the observed electronic structure, which makes it difficult
to distinguish between bulk- and surface-derived Fermi sur-
faces [8]. Charnukha et al . [9] separated ARPES spectra into
bulk and surface states using first-principles calculation on
bulk crystals. They observed three hole pockets centered at
the zone center, namely, “outer”, “middle”, and “inner” hole
pockets, and assigned the outer and middle hole pockets to the
surface bands, and the inner hole pocket to bulk bands.

According to ARPES studies, the heavily hole-doped,
cleaved surfaces of 1111 compounds are superconducting
[9,10]. The momentum dependence of the superconducting
gap of NdFeAsO0.9F0.1 (Tc ∼ 53 K) indicates the opening
of an isotropic or weakly anisotropic s-wave gap on the
hole Fermi surface [11]. Other angle-integrated photoemis-
sion studies indicate a large pseudogap gap opening above Tc

[12–14]. Thus, the surface of the 1111-type superconductors
is unique for its heavy hole doping but whether the super-
conductivity is originated from the surface or bulk electronic
states is not yet clear. Therefore, the relationship between the
surface electronic states, the possibility of superconductivity
at the surface, and the origin of the pseudogap in the 1111-type
superconductors remains to be investigated.

In this work, we have performed ARPES studies on cleaved
single crystals of the 1111-type iron-based superconductor
PrFeAsO1−y, and have measured the temperature dependence
of energy gaps in order to study the possible superconductivity
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FIG. 1. Fermi-surface mapping and band dispersions mea-
sured using linearly polarized light. (a) Fermi-surface mapping
of PrFeAsO1−y (Tc ∼ 16 K) measured using p polarized light.
(b) Energy(E )-inplane-momentum (k‖) plot along cut #1 indicated
in panel (a). [(c),(d)] The same as (a) and (b) but of PrFeAsO1−y

(Tc ∼ 33 K) using s polarized light. Outer and inner hole pockets
appear for p polarized light, while middle hole pocket appears for s
polarized light. Area enclosed by an orange square in panel (b) and
by a pink square in panel (d) indicate background (BG) which is used
for the analysis.

at the surface of the 1111 system. We have observed a super-
conducting gap and a pseudogap opening in the hole-doped
surface states. We discuss our results in comparison with the
superconducting gap and the pseudogap of the hole-doped
122-type superconductors.

II. EXPERIMENT

High-quality single crystals of the electron-doped super-
conductor PrFeAsO1−y (Tc ∼ 16 and 33 K), which belongs to
the 1111 family with oxygen deficiencies, were synthesized
under high pressure as described in Ref. [15,16]. ARPES
measurements were performed at BL7U of UVSOR using
linearly polarized light with the photon energy of 22.5 eV.
An MBS A1 electron analyzer was used. The total energy
resolution of the ARPES measurement was ∼ 10 meV. The
crystals were cleaved in situ at T ∼ 12 K and measured in an
ultrahigh vacuum of ∼ 10−10 Torr.

III. RESULT AND DISCUSSION

Figure 1 shows Fermi-surface mapping and band disper-
sions of PrFeAsO1−y measured using linearly polarized light.
As shown in Figs. 1(a) and 1(b) taken using p polarized light
for PrFeAsO1−y with Tc ∼ 16 K, one can observe a large
circular hole pocket and a small hole pocket around the zone

FIG. 2. Analysis of the superconducting gaps on the outer hole
pocket. (a) Raw energy distribution curves (EDCs) along the pink
arrow in Fig. 1(b). (b) EDCs after background subtraction. Red open
circles indicate the positions of the coherence peaks.

center, referred to as “outer” and “inner” hole pockets, respec-
tively. In contrast, Figs. 1(c) and 1(d) taken using s polarized
light for PrFeAsO1−y with Tc ∼ 33 K show a circular hole
pocket of the intermediate size, referred to as a “middle” hole
pocket. These observations are consistent with the previous
reports [6,9].

We have analyzed energy gaps at various momenta on the
hole pockets. Figure 2 shows analysis of the energy gap on the
outer hole pocket, which is derived from the surface [9]. As
seen from the raw data of energy distribution curves (EDCs)
in panel (a), one cannot clearly identify a coherence peak
that indicates superconductivity. However, if one defines the
background by an orange EDC in Fig. 2(a), which is made
from the averaged EDC in the orange square area in Fig. 1(b),
background subtraction from the raw EDCs yields coherence
peaks indicated by red open circles in Fig. 2(b) and the back-
bending of the peak dispersion, which is reminiscent of the
Bogoliubov quasiparticle expected for a superconducting gap
opening.

Figures 3(a), 3(b), and 3(c) show the temperature de-
pendence of EDCs on the outer hole pocket. The Fermi
momentum kF has been determined by a Lorentzian fit to
the momentum distribution curve (MDC) at EF. In order to
eliminate the influence of the Fermi-Dirac (FD) function, we
have divided the EDC by the FD function as shown in panel
(b). One can see an energy gap opening and the emergence
of a coherence peak at low temperatures. In order to analyze
the energy gaps, we first consider that the EDC taken at the
highest temperature represents an EDC in the normal state
(without a superconducting gap and a pseudogap), and we
overlay it on other EDCs in panel (b). Here, we have normal-
ized each EDC to the normal-state EDC in the high binding
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FIG. 3. Temperature dependence of the EDCs and the energy
gaps at the three hole pocket. (a) Temperature dependence of the
background-subtracted EDCs on the outer hole pocket. (b) Tempera-
ture dependence of the EDCs divided by the Fermi-Dirac function for
the outer hole pocket. The normal-state EDC set at 117K/105K are
overlaid on each EDC. Black triangles indicate the gap size. Shaded
areas indicate the gap area. (c) Temperature dependence of the gap
magnitude on the outer Fermi surface. [(d), (e), (f)], [(g), (h), (i)]
The same as [(a), (b), (c)] but on the middle and inner hole pockets,
respectively. [(a), (b), (c)] and [(g), (h), (i)] are obtained from the
results for p polarized light. [(d), (e), (f)] are obtained from the results
for s polarized light.

energy region (E − EF � −30 meV). As a measure of the
gap magnitude, we have estimated the gap area enclosed by
the FD-divided EDC and the normal-state EDC. In the case
of EDCs below Tc, however, the normal-state EDCs cannot
be used to fit the spectra outside the gap region because the
low-temperature spectrum are convex in that region. For those
temperatures, therefore, we have fitted the spectrum outside
the gap region to a convex hyperbola. The gap size has thus
been estimated from the peak positions, as indicated by black
triangles in panel (b). Panel (c) shows the temperature depen-
dence of the gap magnitude. One finds that the energy gap
remains open above Tc and the coherence peaks are observed

below Tc. We have also made analysis by taking spectra at
other temperatures as the normal-state EDC and found con-
sistent behavior of the gap area as shown in Supplemental
Material [17].

In the middle hole pocket, which also originates from the
surface states [9], we have analyzed the data in the same way
as those of the outer hole pockets, as shown in panels (d),
(e), and (f). In this case, we define the background spectrum
as indicated by a pink square in Fig. 1(d). The result shown
in panel (f) is similar to the result of the outer hole pocket.
One can observe coherence peaks below the bulk Tc, which
suggests that the gap is a superconducting gap. The energy
gap remains open above Tc, which indicates a pseudogap, too.

Figures 3(g), 3(h), and 3(i) show the results of the inner
hole pocket, which originates from the bulk [9]. One can see
that the energy gap suddenly decreases above Tc and closes
faster than the outer and middle hole pockets. We consider
that the different behavior of the inner hole pocket from the
outer and middle ones may reflect the bulk origin of the
superconductivity for the inner hole pocket.

Thus our results on the 1111 compound show a gap of 14.5
± 5 and 15 ± 5 meV for the outer and middle hole pockets,
respectively, which indicates nearly the same gap sizes for
the different hole pockets. The present result of the gap size
is consistent with the previous reports (a gap of 15 meV on
the hole pocket for another 1111 compound NdFeAsO0.9F0.1

[11] and a gap of 10.5 meV on the inner hole pocket for
NdFeAsO0.6F0.4 [10]) although whether the superconducting
gap is of the bulk or surface origin has not been pursued in
Ref. [11].

Now, we would like to consider the origin of the supercon-
ducting gap in the outer and middle hole pockets originating
from the surface. The out-of-plane coherence length in the
1111-type superconductors is given by ξc ∼ 4.5 Å [18,19].
Because this ξc is only a little smaller than the distance
∼8 Å between the FeAs planes, it may be possible that the
superconducting gap in the surface bands is induced by prox-
imity effect from the bulk superconductivity [9,10]. (Note that
the escape depth of photon electrons excited by VUV light is
5–10 Å, which is comparable to the distance between the FeAs
planes.)

In Fig. 4(a), we compare the present results on the su-
perconducting gaps at the hole-doped surfaces of the 1111
compounds with the bulk superconductivity in heavily hole-
doped 122 compounds. The surfaces of the 1111 compounds
are doped with 0.5–0.7 holes per Fe [6,7] and the supercon-
ducting gaps are as large as ∼15 meV. On the other hand,
the superconducting gaps of the hole-doped 122 compound
Ba1−xKxFe2As2 become as large as 6–12 meV for the hole
concentration of 0.2 per Fe atom for x = 0.4 [20] but becomes
as small as ∼1 meV for x = 1 (for 0.5 hole per Fe atom as in
the surface of the 1111 compounds) [21]. Malaeb et al. [22]
have shown that the superconducting gap in the inner hole
pocket roughly scale with Tc. Therefore, the surface super-
conductivity observed in the present work should arise from a
mechanism distinct from the superconductivity of the hole-
overdoped bulk compounds. The superconductivity of the
surface-derived band is possibly caused by proximity effect
of the bulk superconductivity. The present observation that the
Tc of the surface superconductivity, which has been estimated
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FIG. 4. Summary of the superconducting gap and the pseudogap
of the surface hole-doped PrFeAsO1−y (red markers) in comparison
with those of the bulk hole-doped Ba1−xKxFe2As2 (blue markers).
(a) Superconducting gap as a function of surface/bulk hole con-
centration. (b) Pseudogap temperatures. Squares, diamonds, and
triangles indicate those of the outer, middle, and inner hole pockets,
respectively.

from the observed coherence peaks on the surface-derived
bands, is almost the same as the Tc of bulk superconductivity
is consistent with the proximity-induced superconductivity.

Our results also show that a pseudogap is clearly ob-
served below the pseudogap temperature T ∗ ∼ 80 K in the
outer and middle hole pockets, but not clearly in the inner
one, which was not able to conclude by angle-integrated
photoemission studies [12–14]. A pseudogap was observed
in bulk Ba1−xKxFe2As2 up to T ∗ ∼ 120 K for x = 0.25
[23] and T ∗ ∼ 100 K for x = 0.4 [24]. Considering the
previous reports on the hole-doped 122 compound summa-
rized in Fig. 4(b), we conclude that the large pseudogap
is common to hole-doped iron-superconductors. The similar
pseudogaps observed in angle-integrated photoemission spec-
troscopy (AIPES) spectra of 1111 compounds [12–14] also
open below T ∗ ∼ 100 K or 150 K. Although the surface dop-
ing levels could not be estimated from the AIPES studies, it is
likely that the surfaces were hole-doped as in the present case
as well as in the previous ARPES studies on the 1111 com-
pounds [5–11]. It should be noted that the inner hole pocket
arising from the bulk 1111 compound, which is moderately
electron-doped, does not show a clear pseudogap.

IV. CONCLUSION

We have performed ARPES studies of the 1111-type iron-
based superconductor PrFeAsO1−y, and have measured the
temperature dependence of the superconducting gap and the
pseudogap. In agreement with the previous reports, heavy
hole-doping due to the surfaces polarity has been observed.
In the outer and middle hole pockets originating from the
surface states, we have observed a coherence peak below the
bulk Tc, which implies that the surface superconductivity is
caused by proximity effect from the bulk 1111 superconduc-
tor. The energy gap of the surface-derived hole pocket remains
open above Tc, indicating a pseudogap opening. In the inner
hole pocket originating from the bulk, we have observed that
the energy gap suddenly decreases above Tc and pseudogap
behavior is less pronounced than the surface hole pockets,
consistent with the behavior of the electron-doped bulk 1111
superconductors. Comparing the present results on the surface
of the 1111 superconductor with those of hole-doped 122
compounds, we find that the superconducting gap is much
larger at the surface of the 1111 superconductor than the
hole-overdoped bulk 122 compounds. On the other hand, the
pseudogap is equally large, suggesting that the pseudogap is
common to hole-doped iron-based superconductors, irrespec-
tive of the bulk or surface origin of superconductivity.
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