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a b s t r a c t

We report an electron tunneling study of SmFeAsO1�xFx in the low doping region (x¼0, 0.045, 0.046,
0.069) by low temperature UHV-STM/STS. Superconducting gaps are observed for each superconducting
sample x¼0.045 (Tc¼12.9 K), x¼0.046 (Tc¼32.9 K) and x¼0.069 (Tc¼46.9 K). We obtained correspond-
ing superconducting gap size of ΔSC ¼ 9:570:5 meV, 9.7570.25 meV and 1171 meV. While Tc
increases, ΔSC is kept the same. This suggests that the effective attractive interaction is the same and
that there is some mechanism that suppresses the superconductivity in the low doping region. On the
other hand, similar gap structures were found in a non-superconducting sample with x¼0 at 7.8 K. The
obtained gap size was ΔN ¼ 8:571:5 meV, which is almost the same as the superconducting gap in the
superconducting samples (x¼0.045, 0.046, 0.069).

& 2014 Published by Elsevier Ltd.

1. Introduction

Iron-based superconductors were discovered as a new class of
high critical temperature Tc superconductor with a two-dimensional
structure [1,2]. These superconductors have a high critical tempera-
ture and offer the possibility of a new superconducting mechanism
thus making them a high impact material. Iron-based superconduc-
tors have different types of crystal structures including RFePnO
(R¼rare earth metals, Pn¼P, As) [1,2], BaFe2As2 [3], LiFeAs [4] and
FeSe 1�δ [5]. The RFePnO group has the highest Tc among iron-based
superconductors. The phase diagram has been studied over a wide
range of doping levels by employing hydrogen substitution on
LaFeAsO [6]. Iron-based superconductors generally have the mag-
netic phase next to the superconducting phase. One can imagine that
the superconductivity has a magnetic origin in iron-based super-
conductors. The itinerant antiferromagnetic ordered phase is stable
for the mother compound of iron-based superconductors [7,8],
unlike high-Tc cuprates, whose magnetic phase is a Mott insulator.
It is important to study the magnetic phase to clarify the origin of the
superconductivity in iron-based superconductors. With RFePnO, the
ground state is controlled by the carrier concentration. SmFeA-
sO1�xFx has the highest Tc of RFeAsO1�xFx system materials [9,10].
The Tc of SmFeAsO1�xFx increases to 58.1 K and is very sensitive to

fluorine substitution [11,12]. Therefore, investigating the supercon-
ductivity of SmFeAsO1�xFx is a valuable method for understanding
iron-based superconductors. SmFeAsO1�xFx is useful when discuss-
ing the difference between the electronic states of the magnetic and
superconducting phases because its higher Tc increase the super-
conducting order parameter. The doping dependence of the crystal
structure on SmFeAsO1�xFx was studied by using high resolution
X-ray diffraction at several fluorine concentrations [13]. Spectro-
scopic studies have been needed to investigate the superconductivity
with the systematic substitution of fluorine in SmFeAsO1�xFx.

Electron tunneling is useful for revealing the mechanism of the
superconductivity [14]. It is a direct method for obtaining the energy
spectrum of the electronic density of states. Because scanning
tunneling microscopy/spectroscopy (STM/STS) observes the electro-
nic state in a local area within a few atoms, STM can probe a single
crystalline domain in a polycrystalline sample. Using STM, we can
obtain the energy spectra of the density of states with high energy
resolution by measuring the tunneling differential conductance, and
the electron density with a nano-scale spatial resolution. Therefore,
we can obtain the spatial variation of the superconducting gap with
atomic resolution. The gap anisotropy can be studied directly with
the STM/STS technique by probing the local density of states at
various crystal surfaces [15]. Since the tip of the probe does not come
in contact with the sample, STM/STS is a nondestructive method.
Various STM studies have been undertaken on the surface structure
and the gap symmetry in iron-based superconductors [16]. Recently,
an STM study revealed a charge stripe structure on FeTe [17].
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STM/STS [18] and photoemission spectroscopy [19,20] have been
used to observe the superconducting gap and pseudogap of
LaFeAsO1�xFx. The superconducting gap of F-doped SmFeAsO was
observed by point contact measurement [21] and of SmFeAsO1�δ
by STM [22]. Tunneling spectroscopy is needed for SmFeAsO1�xFx in
the lower fluorine concentration region, where the boundary
between the superconducting and non-superconducting phases is
located. We study the electronic state of SmFeAsO1�xFx with several
fluorine concentrations by using STM/STS and discuss the super-
conducting gap depending on Tc.

2. Experimental

The procedure for synthesizing polycrystalline SmFeAsO1�xFx
(x¼0.045, 0.046, 0.069) is reported in reference [11]. The F content
(x) of samples was obtained according to Vegard's volume rule [23].
The superconducting transition temperatures for x¼0.045, 0.046 and
0.069 were determined as 12.9 K, 32.9 K and 46.9 K, respectively, from
resistivity measurements. An undoped SmFeAsO sample does not
exhibit superconductivity in a resistivity measurement. Temperature
variable ultra high vacuum (UHV)-STMwas used in the STM/STS study.
Pr–Ir alloy wire was used as the scanning tip. Block shaped samples
were cracked just before being transferred into the UHV-STM chamber
to obtain a fresh surface. The tunneling differential conductance at 7 K
and 80 K was directly measured with the standard lock-in technique
with a 5 kHz ac modulation of 3 mV added to the bias voltage.

3. Results and discussion

Fig. 1(a) and (b) shows a typical normalized tunneling conduc-
tance dI=dV curve for SmFeAsO1�xFx (x¼0.069, Tc¼46.9 K) at 7.3 K
and its numerical differential d2I=dV2, respectively. The conductance
curves have a slight spatial dependence. They are almost identical

regardless of the distance between the tip and the sample at the
same position. As shown in Fig. 1(a), the tunneling differential
conductance is reduced around the zero bias voltage, and this is
associated with the superconducting state. The conductance peaks
at gap edges do not appear in the tunneling spectra. There is a kink
structure around ∣V ∣¼ 12 mV indicated by blue arrows, which
corresponds to the peak and dip in the d2I=dV2 curve. We confirmed
that the differential conductance curve at 80 K is featureless. It
means that the kink structures around ∣V ∣¼ 12 mV do not exist at
80 K. We define the kink structures indicated by the blue arrows as
the superconducting gap. We also found the pseudogap structure in
the form of other kinks around ∣V ∣¼ 36 mV and shown by green
arrows. These structures were determined in the same manner as
with LaFeAsO1�xFx [18]. We obtained the superconducting gap
Δsc ¼ 12 meV and the pseudogap ΔPG ¼ 36 meV for these data. For
several data, we obtained Δsc ¼ 1171 meV for SmFeAsO1�xFx
(x¼0.069), correspondingly 2Δsc=kTc ¼ 5:4170:52. The pseudogap
was obtained as ΔPG ¼ 25–42:5 meV.

Fig. 2(a) and (b) shows typical normalized tunneling conductance
dI=dV curves for x¼0.046 ðTc ¼ 32:9 KÞ at 7.5 K and x¼0.045
ðTc ¼ 12:9 KÞ at 7.8 K, respectively. Tunneling spectra for x¼0.045
and x¼0.046 samples have similar structures to that for the x¼0.069
sample. We define the superconducting gap and pseudogap in the
same manner as described above. The kink structures corresponding
to the superconducting gap can be seen around ∣V ∣¼ 9:5 mV in Fig. 2
(a) and (b) and are indicated by blue arrows. We obtained Δsc as
9.7570.25 meV and 9.570.5 meV for x¼0.046 and x¼0.045,

Fig. 1. (Color online) (a) Tunnel differential conductance of SmFeAsO1� xFx
(x¼0.069, Tc ¼ 46:9 K) at 7.3 K. (b) Numerical differential of the conductance curve
shown in (a).

Fig. 2. (Color online) (a) and (b) show tunnel differential conductances for x¼0.046
ðTc ¼ 32:9 KÞ at 7.5 K and x¼0.045 ðTc ¼ 12:9 KÞ at 7.8 K, respectively.
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respectively. The corresponding 2Δsc=kTc values were estimated to be
6.8770.18 and 17.0870.9 for x¼0.046 and x¼0.045, respectively.
Pseudogaps of ΔPG ¼ 22:5–94 meV and 25–70meV were obtained for
x¼0.046 and x¼0.045, respectively.

Fig. 3(a) and (b) shows a typical normalized tunneling conduc-
tance dI=dV curve for undoped SmFeAsO and its numerical differ-
ential d2I=dV2 at 7.8 K, respectively. The conductance at V¼0 is
larger than that of superconducting samples (x¼0.045, 0.046,
0.069), suggesting greater lifetime broadening [24]. It is noteworthy
that the anomalies indicated by the blue arrows are similar to the
superconducting gap structure observed in the superconducting
samples. However, undoped SmFeAsO does not exhibit supercon-
ductivity in the bulk resistivity measurement. Then we define the
gap ΔN of undoped SmFeAsO. The pseudogap indicated by the green
arrows was also found. We obtained ΔN ¼ 8:571:5 meV and
pseudogap ΔPG ¼ 16–48 meV for undoped SmFeAsO.

Our obtained Tc;ΔSCðΔNÞ, 2ΔSC=kTc and ΔPG values are listed
in Table 1. Fig. 4 shows ΔSC;ΔN and Tc as a function of x. When we
compare results for x¼0.045 and x¼0.046, the Tc changes rapidly
from 12.9 K to 32.9 K, while the superconducting gap remains
almost the same. The Tc increases linearly at xZ0:046. ΔSC for
x¼0.069 is larger than that for x¼0.046. However, there is only a
slight change in the superconducting gap. The 2ΔSC=kTc values for
SmFeAsO1� xFx are 17.0870.9, 6.8770.18 and 5.4170.52 for
x¼0.045, 0.046 and 0.069, respectively. Our results show that
2ΔSC=kTc decreases with increasing x and is larger than the BCS
value of 3.52 for x¼0.045, 0.046 and 0.069. On the other hand, the
2ΔSC=kTc value at a higher doping level is reported to be 3.68 for F-
doped SmFeAsO [21] and 3.55–3.8 for SmFeAsO1�δ [22]. These
values are fairly consistent with the BCS value. We deduce that
2ΔSC=kTc merges with the BCS value as the carrier concentration
increases. Our results show that both ΔSC and Tc increase with
increasing x. However, the variation in ΔSC is smaller than that of Tc.
As a consequence, 2ΔSC=kTc decreases as Tc increases. We empha-
size that the variation in ΔSC is very small. ΔSC generally corresponds

to the strength of the attractive interaction. We suggest that the
attractive interaction is slightly changed by the substitution level,
although Tc varies significantly. In other words, there is some
mechanism that suppresses the superconductivity while the inter-
action remains almost constant.

A superconducting gap like structure ΔN exists on undoped
SmFeAsO, where no superconducting transition was observed in
the resistivity measurement. There is a possibility that ΔN is
associated with the antiferromagnetic order [11,25,26]. From the
observed ΔN ¼ 8:5 meV, the antiferromagnetic transition tempera-
ture TN is expected to be 55.7 K based on the mean field theory.
However, the observed TN ¼ 144 K [11] is far higher than the value
expected from ΔN. Then it is difficult to relate ΔN to the antiferro-
magnetic order. The energy scale of ΔN can be reasonably associated
with the maximum superconducting transition temperature on
SmFeAsO1�xFx ðTc ¼ 58:1 KÞ. This should be noted that the gap
ΔN ¼ 8:571:5 meV found for x¼0 has the same energy scale as
the superconducting gap for x¼0.045, 0.046 and 0.069. This
suggests that the attractive potential exists even in the non-
superconducting phase with the same strength as that in the
superconducting phase. The substitution of fluorine leads to the
bulk superconductivity of SmFeAsO1� xFx.

The pseudogap structure was observed for all SmFeAsO1� xFx
(x¼0, 0.045, 0.046, 0.069) as listed in Table 1, which is similar to the
result for LaFeAsO1�xFx [18]. For some reason the obtained values
are scattered. However, the magnitude of the pseudogap is tens of
meV for all x in the present study. This is largely consistent with the
value ΔPG ¼ 60 meV for F-doped SmFeAsO1�δ obtained with time-
domain spectroscopy [27]. The pseudogap is thought to be a
common feature in iron-based superconductors. The relationship

Fig. 3. (Color online) (a) Tunnel differential conductance of undoped SmFeAsO
at 7.8 K. (b) Numerical differential of the conductance curve shown in (a).

Table 1
Tc, ΔSC, 2ΔSC=kTc and ΔPG for x¼0, 0.045, 0.046 and 0.069.

x 0 0.045 0.046 0.069
Tc ðKÞ — 12.9 32.9 46.9
ΔSC ðmeVÞ ðΔN ¼ 8:571:5Þ 9.570.5 9.7570.25 1171
2ΔSC=kTc — 17.0870.9 6.8770.18 5.4170.52
ΔPG (meV) 16–48 25–70 22.5–94 25–42.5

Fig. 4. (Color online) Δsc;N and Tc as a function of x. Red, green and blue dots show
Δsc, ΔN and Tc, respectively.
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between the pseudogap and the superconductivity remains still an
open problem.

4. Summary

We undertook a systematic study of the electronic state of
SmFeAsO1�xFx at a low doping level. The superconducting gap and
the pseudogap structure were observed for superconducting samples
(x¼0.045, 0.046, 0.069). We found the size of the superconducting
gap to be almost the same irrespective of the fluorine concentration,
while Tc increased as the doping level increased. The result suggests
that the attractive interaction is constant irrespective of the doping
level and a mechanism that suppresses Tc. Fluorine substitution
weakens the suppression of the superconducting transition. In a non-
superconducting sample (x¼0), we found the gap structure ΔN,
which is similar to the gap ΔSC in the superconducting samples. The
energy scale of ΔN can be reasonably associated with the maximum
superconducting transition temperature of SmFeAsO1�xFx ðTc ¼
58:1 KÞ. The finding suggests that an attractive interaction potentially
exists even in the non-superconducting phase.
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