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Incoherent-coherent crossover and the pseudogap in Te-annealed superconducting Fe1+yTe1−xSex

revealed by magnetotransport measurements
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In this paper, we conducted various magnetotransport measurements on Fe1+yTe1−xSex single crystals from
which excess iron was sufficiently removed. Our results revealed that crossover from the incoherent to the
coherent electronic state and the opening of the pseudogap occur at high temperatures (≈150 K for x = 0.2).
This is accompanied by a more substantial pseudogap and the emergence of a phase with a multiband nature at
lower temperatures (below ≈50 K for x = 0.2) before superconductivity sets in. A comparison of these results
with those of the as-grown (nonsuperconducting) samples implies that the coherent state accompanied by the
pseudogap is needed for the occurrence of superconductivity in this system.
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I. INTRODUCTION

Knowledge of the doping (x)-temperature (T ) phase dia-
gram of superconductors with a high superconducting tran-
sition temperature Tc and with strongly correlated electrons,
such as the cuprates and Fe-based superconductors, is well
recognized to be crucial to understand the mechanism of
high-Tc superconductivity [1]. Especially, the anomalous non-
Fermi-liquid-like normal-state transport properties are central
problems that need to be solved. Among the Fe-based super-
conductors, the iron chalcogenide Fe1+yTe1−xSex [2] is unique
in that its crystal structure is the simplest; it only consists of
conducting FeX (X :Te or Se) layers, and the electron corre-
lation level is considered to be the strongest [3]. Therefore, it
is important to investigate the phase diagram of this system.
However, the existence of excess iron (represented as y in the
above-mentioned formula) has thus far prevented the estab-
lishment of the true phase diagram of this system. Recently, an
O2-annealing technique was developed to remove excess iron
from the Fe1+yTe1−xSex system; hence, this technique was
employed to investigate its phase diagram [4]. This pioneering
work showed that the antiferromagnetic (AFM) ordered phase
exists only for x < 0.05 and bulk superconductivity emerges
from x = 0.05, and that these two phases do not coexist
with each other. Furthermore, the temperature dependence
of the Hall coefficient RH showed a peak at T ∗. This result
suggests that a phase of a multiband nature appears below T ∗.
Presently, however, this anomalous behavior is not yet fully
understood.

On the other hand, the evolution from incoherent to co-
herent electronic states with increasing Se doping, i.e., by
increasing x, in this Fe1+yTe1−xSex system was observed by
angle-resolved photoemission spectroscopy (ARPES) [5,6].
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That is, a broad ARPES spectrum for both the hole and
the electron bands near � and the M point, respectively,
for samples with x � 0.2, which is indicative of incoherent
electronic states, has been shown to progressively change to
sharper ones, thereby indicating coherent electronic states for
the samples with x � 0.4. Because the samples with x � 0.2
were found to be nonsuperconducting [5], whereas those with
x � 0.4 were superconducting, a close relationship between
the coherent electronic state and the emergence of super-
conductivity has been suggested. Unfortunately, however, an
amount of excess iron may have been incorporated in these
ARPES samples [5,6], thus the effects of excess iron and
doping (i.e., the value of x) were not resolved in this previous
work. Therefore, examining this crossover phenomenon more
systematically and establishing the phase diagram is expected
to be a great challenge.

Here, we address this issue by conducting transport mea-
surements, such as determining the Hall coefficient RH and
magnetoresistance (MR) as well as the in-plane and out-
of-plane resistivities ρab and ρc, respectively, at zero field,
focusing on the sample with low Se concentration x = 0.2.
Prior to this paper, we developed a new annealing method
to remove excess iron (hereafter denoted as “Te anneal”) in
which single crystals are annealed under tellurium vapor [7].
This Te-annealing method has the advantage of sufficiently
removing the excess iron without damaging the samples even
those with lower Se concentrations (it is known that the
smaller the amount of doping x, the more difficult it is to
remove excess iron). Because the as-grown samples are non-
superconducting (superconductivity is filamentary even if it
exists [7]) and the annealed samples are fully superconducting
(Fig. 1), this Te-annealing method has provided us with the
unique opportunity to study the transport properties of both
types of samples (nonsuperconducting and superconducting)
comparatively for a fixed amount of doping x. Furthermore,
Te-annealing has enabled us to measure ρc because we can
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FIG. 1. Temperature dependence of the zero-field-cooled (ZFC) normalized magnetic susceptibilities χ for Te-annealed Fe1+yTe1−xSex

single crystals with (a) x = 0.15, (b) x = 0.2, (c) x = 0.3, and (d) x = 0.4. The insets show the field-cooled (FC) data. Data were recorded by
applying a magnetic field of 30 Oe parallel to the c axis.

obtain thick samples along the c axis even after annealing. We
find that the annealed samples show anomalies in ρab, ρc, and
RH at T ∗

ρab
, T ∗

ρc
, T ∗∗

RH
, and T ∗

RH
, respectively, whereas the as-

grown sample does not exhibit these anomalies. Furthermore,
we observe markedly negative MR for both samples. Based
on these observations, we decided to perform a simple two-
band analysis. The results show that only the superconducting
samples undergo a crossover from incoherent to coherent,
accompanied by the opening of a pseudogap with a broad
boundary at T ∗∗

RH
and T ∗

ρab
(≈150 K). Subsequently, a phase

with a multiband nature appears below T ∗
ρc

and T ∗
RH

(≈50 K),
implying that the crossover plays an important role in the
occurrence of superconductivity in this FeTe1−xSex system.

II. EXPERIMENT

Single crystals of Fe1+yTe1−xSex (0 � x � 0.4) were
grown using the Bridgman method [7]. The nominal com-
position of Fe was set to 1.03, which is common with that
of the Se-doped samples. For Fe1+yTe, it was set to 1.13.
Selected as-grown crystals were cleaved into smaller crystals
≈1-mm thick, and they were annealed under tellurium vapor
(Te anneal) [7] for more than 400 h at 400 ◦C. Electron probe
microanalysis showed that the amount of excess iron y in
the annealed samples was roughly zero, whereas the amount
of doping x was unchanged. Magnetic susceptibility mea-
surements were performed using a superconducting quantum
interference device magnetometer (Quantum Design magnetic

property measurement system) with a magnetic field of 30 Oe
applied parallel to the c axis.

The in-plane resistivity ρab was measured using the stan-
dard dc four-terminal method. The out-of-plane resistivity ρc

was measured using the modified dc four-terminal method
in which voltage contacts were attached to the center of
the ab plane, and the current contacts almost covered the
entire remaining space [8]. The Hall resistivity ρyx and MR
were simultaneously measured using a physical property mea-
surement system (PPMS) (Quantum Design) with the five-
terminal method with the applied field parallel to the c axis.
The value of ρyx was obtained by averaging the difference
of the data set at positive and negative fields, i.e., ρyx(H ) =
[ρyx(+H ) − ρyx(−H )]/2, which can eliminate the MR com-
ponent due to the misalignment of contacts.

III. RESULTS

Figures 1(a)–1(d) show the temperature dependence of the
magnetic susceptibilities χ of the Te-annealed Fe1+yTe1−xSex

single crystals for x = 0.15, 0.2, 0.3, and 0.4, respectively.
The main panels show the ZFC data, whereas the insets show
the FC data. All the plotted data show sharp superconducting
transitions (�Tc � 1 K) with the onset temperatures of 12.1,
12.8, 13.7, and 14.5 K, for x = 0.15, 0.2, 0.3, and 0.4,
respectively. Here, the superconducting transition width �Tc

was determined by the interval between the onset temperature
of the ZFC signal and the temperature at which this signal
reached 90% of its maximum value. These data confirm that
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FIG. 2. Normalized in-plane resistivity ρab(T ) for the (a) as-grown and (b) Te-annealed Fe1+yTe1−xSex (0 � x � 0.4) single crystals,
and normalized out-of-plane resistivity ρc(T ) for the (c) as-grown and (d) Te-annealed Fe1+yTe1−xSex (0.2 � x � 0.4) single crystals. The
resistivity data are shifted vertically for clarity. The arrows indicate the superconducting, AFM transitions, and characteristic temperatures T ∗

ρab

and T ∗
ρc

.

the superconducting properties of the Te-annealed samples
are very good. In addition, it should be remarked that all
the samples show the Meissner signal (negative value in the
FC data) even though the signal is very weak, which may
be attributed to the sufficient removal of excess iron by Te
annealing.

Figures 2(a) and 2(b) show ρab(T ) for the as-grown and
fully Te-annealed Fe1+yTe1−xSex (0 � x � 0.4) single crys-
tals, respectively. These data reproduce the overall features
of the O2-annealed crystals [4]. The as-grown crystals show
a resistivity drop that originated in the long-range AFM
transition at ≈50 K in the doping region of 0 � x � 0.04,
whereas for x � 0.05, they show filamentary (rather than bulk
in nature) superconductivity [7]. For the annealed crystals,
the AFM transition is observed at TN ≈ 70 K for x = 0, after
which it decreases with increasing x to ≈30 K for x = 0.06,
and bulk superconductivity appears for x � 0.08 [7]. It should
be noted that the temperature dependence of ρab for all the
superconducting crystals appears as a poorly resolved broad
structure. Here, the temperature at which ρab reaches its
maximum is defined as T ∗

ρab
. T ∗

ρab
linearly increases from 110 K

for x = 0.08 to 230 K for x = 0.4.
Figures 2(c) and 2(d) show ρc(T ) for the as-grown and

fully Te-annealed Fe1+yTe1−xSex (x = 0.2, 0.3, and 0.4) sin-
gle crystals, respectively. The as-grown crystals show smooth
semiconducting behavior before the filamentary supercon-

ducting transition. On the other hand, the annealed crys-
tals show semiconducting behavior at higher temperatures
similar to the as-grown crystals; however, they show the
typical plateau below the temperatures T ∗

ρc
before the bulk

superconducting transition. T ∗
ρc

is estimated to be ≈55, ≈65,
and ≈90 K for x = 0.2, 0.3, and 0.4, respectively. Here, T ∗

ρc

is estimated as the temperature at which the second-order
derivative is minimized. Although this plateau appears highly
anomalous, our observation is consistent with a previous
report about an O2-annealed x = 0.4 crystal [9].

We examined the changes in the electronic system as a
result of Te annealing by measuring the temperature depen-
dence of the Hall coefficients RH for the Fe1+yTe0.8Se0.2

single crystals. Hereafter, our discussion concentrates on the
measurements of the x = 0.2 crystals. Figures 3(a)–3(c) show
the magnetic-field dependence of the Hall resistivity ρyx at
several temperatures for the as-grown, 400-h-annealed, and
600-h-annealed Fe1+yTe0.8Se0.2 single crystals, respectively.
In all cases, ρyx increases linearly with the applied magnetic
fields maintaining a positive slope dρyx/dH > 0 down to
low temperatures slightly above Tc. These results indicate
that the hole-type carrier dominates the electron transport.
It should be noted, however, that this field-linear behavior
in ρyx is quite contrary to that of the FeTe0.5Se0.5 thin films
[10] and Fe1+yTe0.6Se0.4 single crystals [11] for which ρyx

showed marked nonlinear behavior when exposed to magnetic
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FIG. 3. Hall resistivity ρyx at several temperatures for the (a) as-
grown, (b) 400-h-annealed, and (c) 600-h-annealed Fe1+yTe0.8Se0.2

single crystals. (d) Temperature dependence of Hall coeffi-
cients RH for the as-grown, 400-h-annealed, and 600-h-annealed
Fe1+yTe0.8Se0.2 single crystals. The arrow indicates the characteristic
temperature T ∗

RH
.

fields below ≈40 K. We suppose that some kind of carrier
imbalance between the electrons and the holes occurs for the
samples with x � 0.4

Then, RH = ρyx/μ0H for the as-grown, 400-h-annealed,
and 600-h-annealed crystals were plotted as a function of
temperature and are shown in Fig. 3(d). All the samples show
similar behavior from room temperature to ≈50 K: RH has
an almost constant positive value from room temperature to
≈150 K, and below this temperature, it gradually increases
with decreasing temperature. On the other hand, below 50 K,
each of the samples was observed to exhibit different behavior.
RH for the as-grown crystal rapidly increases with decreasing
temperature, whereas for the 400-h-annealed crystal, the in-
creasing trend weakens, and, for the 600-h-annealed crystal,
it stabilizes to show rather plateaulike behavior. This result
agrees with that in the previous report [4] and suggests that
the multiband nature manifests itself below 50 K. The temper-
atures at which RH starts to increase (≈150 K) and ramifies
(≈50 K) are defined as T ∗∗

RH
and T ∗

RH
, respectively. Remark-

ably, T ∗∗
RH

and T ∗
RH

coincide with T ∗
ρab

and T ∗
ρc

, respectively.
Additional insight into the anomalous RH was obtained

by measuring the MR for these crystals (x = 0.2) at several
temperatures above Tc [Figs. 4(a)–4(c)]. In all cases, negative
MR is observed, which is in contrast to the large positive MR
for an O2-annealed x = 0.4 single crystal [11] but agrees with
the results obtained for polycrystals of x = 0.1 and 0.2 [12].
Because the MR exhibits H2 behavior, the coefficient A is
plotted as a function of the temperature in Fig. 4(d). In all
cases, at higher temperatures, A is very small and temperature
independent; however, the magnitude of A gradually increases
below T ∗∗

RH
and rapidly increases below T ∗

RH
. Overall, the

FIG. 4. MR, at several temperatures for the (a) as-grown,
(b) 400-h-annealed, and (c) 600-h-annealed Fe1+yTe0.8Se0.2 single
crystals. (d) Temperature dependence of coefficient A for the as-
grown, 400-h-annealed, and 600-h-annealed Fe1+yTe0.8Se0.2 single
crystals. The arrows indicate the characteristic temperatures T ∗∗

RH

and T ∗
RH

.

behavior of these samples is similar except for the fact that the
increase in A below T ∗

RH
seems faster for the annealed samples

than for the as-grown sample. To clarify the difference, we
plotted MR as a function of tan �H ≡ σxy/σxx at several
temperatures for these samples in Figs. 5(a)–5(c). In the as-
grown sample, all the MR data lie on one curve, indicating
that the modified Kohler’s rule [�ρ/ρ(0) ∝ tan2 �H , but MR
is negative here] and this holds for the entire temperature
and magnetic-field range that was measured [Fig. 5(a)]. On
the other hand, in the Te-annealed samples, the MR data
above T ∗

RH
(≈50 K) fall on one curve. The reason why the

modified Kohler’s rule holds for negative MR is currently
unknown; however, these results may be the reflection that,
in the as-grown sample, transport is effectively dominated by
one hole band, whereas in the Te-annealed samples, a phase
of a multiband nature appears below 50 K. Consequently,
the behavior of MR corresponds well with the temperature
dependence of RH .

The large RH and related strong temperature dependence
have frequently been observed in Fe-based high-Tc super-
conductors [4,10–18] including Fe1+yTe1−xSex. The origin
of this behavior has been discussed in terms of anisotropic
carrier scattering due to strong AFM fluctuations [13–15]
or multiband effects with electron-hole asymmetry [4,11,16].
The former interpretation was first successfully applied to
high-Tc cuprates or heavy fermion systems [19]. However, if
the electron transport is dominated by either anisotropic car-
rier scattering or multiband effects, the orbital MR should be
positive. Therefore, we would have to search for another cause
to interpret the observed negative MR. One possibility may be
the Kondo effect due to magnetic impurity scattering. Here,
the excess iron, which is inevitably incorporated in the as-
grown crystal [7], could be the magnetic impurity responsible
for the negative MR [12]. Indeed, our as-grown crystals show
semiconducting temperature dependence of ρab [Figs. 2(a)
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FIG. 5. MR as a function of tan2�H at several temperatures for the (a) as-grown, (b) 400-h-annealed, and (c) 600-h-annealed
Fe1+yTe0.8Se0.2 single crystals.

and 6(b)], which is the typical behavior of ρab associated with
the existence of a magnetic impurity. However, we observe
negative MR [Figs. 4(b) and 4(c)] even when the excess
iron is removed, and ρab shows metallic behavior [Figs. 2(b)
and 6(b)]. Therefore, at least, for the annealed crystals, this
interpretation to explain the negative MR is unlikely. Another
possibility is that the negative MR is caused by the pseudogap
effect. High-Tc cuprates are well known to exhibit negative
out-of-plane MR due to the recovery of the electronic density
of states along with the suppression of the pseudogap under
magnetic fields [20,21]. In our paper, we may have observed
a similar effect for ρab. Very recently, a pseudogap opening
below 150 K was directly observed by ARPES in the electron
band around the M point for a Te-annealed sample with x =
0.2 [22].

FIG. 6. (a) Temperature dependence of Hall coefficient RH and
the hole number n for the as-grown Fe1+yTe0.8Se0.2 single crystal.
(b) In-plane resistivities ρab(T ) for the as-grown, 400-h-annealed,
and 600-h-annealed Fe1+yTe0.8Se0.2 single crystals. (c) Temperature
dependence of hole mobilities μh for the as-grown, 400-h-annealed,
and 600-h-annealed Fe1+yTe0.8Se0.2 single crystals. (d) Temper-
ature dependence of electron mobilities μe for the as-grown,
400-h-annealed, and 600-h-annealed Fe1+yTe0.8Se0.2 single crys-
tals. The arrows indicate the characteristic temperatures T ∗

ρab
, T ∗∗

RH
,

and T ∗
RH

.

We examined what happens at T ∗∗
RH

or T ∗
RH

by analyzing the
observed transport coefficients ρab and RH of samples with the
same Se concentrations (x = 0.2). For this purpose, we adopt
a simple two-band model with an equal number n of electrons
and holes, assuming FeTe1−xSex is a compensated semimetal
but permitting n to be temperature dependent. This assump-
tion is justified in two ways. The first is our observation of the
field-linear behavior in ρyx [Figs. 3(a)–3(c)]. In a two-band
model, the Hall coefficient RH becomes field dependent when
the number of holes and electrons is different [11]. However,
only when they are equal, RH takes a constant value, resulting
in ρyx becoming linear in the magnetic field. Therefore, the
observed field-linear ρyx indicates that the number of holes
and electrons are the same (or nearly equal). The second justi-
fication is the estimation of the number of holes and electrons
from the Fermi-surface area by using ARPES [23]. For the
sample with x = 0.2, the number of holes and electrons is
estimated to be 0.304 and 0.300/unit cell, respectively, which
assures that they are almost the same.

Then, the in-plane resistivity and Hall coefficient are de-
scribed as ρab = 1

ne(μe+μh ) and RH = μh−μe

ne(μe+μh ) , respectively,
where μe (μh) is the mobility of electrons (holes). First, μe

of the as-grown sample is assumed to be zero because RH of
this sample is always positive and smoothly evolves with tem-
perature [Figs. 3(a) and 3(d)], which implies that the electron
contribution to the transport properties is small. Thus, in the
as-grown sample, the two-band model effectively results in a
one-band model. Then, n can be estimated using the observed
RH as n = 1

eRH
[Fig. 6(a)]. The number of carriers (holes) n

gradually decreases as the temperature decreases from room
temperature to ≈150 K, but it rapidly decreases consistent
with the assumption that the pseudogap opens below this
temperature. Figure 6(b) shows ρab for the as-grown, 400-h-
annealed, and 600-h-annealed samples. One may note that,
at temperatures below ≈150 K, ρab of the as-grown sample
gradually increases as the temperature decreases, whereas ρab

of the annealed samples show metallic behavior below this
temperature. Next, for each of the samples, μh and μe are
estimated using ρab [Fig. 6(b)] and RH [Fig. 3(d)] with the
two-band model assuming that the obtained n is common for
all the samples. A small amount of excess Fe may not alter
the overall band structure (i.e., the number of carriers n).

184505-5



TAKUMI OTSUKA et al. PHYSICAL REVIEW B 99, 184505 (2019)

FIG. 7. Characteristic temperatures vs Se concentration x for Te-
annealed Fe1+yTe1−xSex . Closed symbols represent the characteristic
temperatures obtained in this paper. The open circles of T ∗

RH
are

replotted from Ref. [4].

The results are plotted in Figs. 6(c) and 6(d), respectively.
It is evident that the values of μh of the annealed samples
increase much faster than those of the as-grown sample be-
low 150 K (≈T ∗∗

RH
). In addition, as expected considering the

temperature dependence of RH [Fig. 3(d)], the values of μe

of the annealed samples appear below T ∗
RH

(≈50 K). These
results indicate that, in the as-grown sample, ρab is semicon-
ducting (dρab/dT < 0) primarily owing to the decrease in n
below T ∗∗

RH
, whereas in the annealed samples, ρab is metallic

(dρab/dT > 0) below this temperature. This is because the
increase in μh surpasses the decrease in n below T ∗∗

RH
. In

addition, below T ∗
RH

, the appearance of μe for the annealed
samples further contributes to in-plane metallic conduction.
The appearance of electron carriers is consistent with a recent
ARPES measurement in which clear electron pockets around
the M point as well as hole pockets around the � point were
observed for Te-annealed samples with x = 0.2 [22]. The in-
crease in the mobilities implies an enhancement of the carrier
lifetime τ , thus it implies that the electronic states become
coherent. We further confirmed this kind of incoherent to
coherent crossover transition by ARPES measurements [23].
Consequently, in the superconducting samples, the electron
bands become coherent below T ∗

RH
, whereas the hole bands

become coherent below T ∗∗
RH

.
The characteristic temperatures T ∗

ρab
, T ∗

ρc
, T ∗∗

RH
, T ∗

RH
, TN ,

and Tc are plotted as a function of the Se concentration x in
Fig. 7. The long-range AFM ordered state exists only in the
range of 0 � x � 0.06, and the superconducting state emerges
at x � 0.08. The fact that the AFM and superconducting states
do not coexist agrees with the recent report on Fe1+yTe1−xSex

[4], which implies that the static AFM order competes with
superconductivity in this system. However, a comparison of
their results [4] with ours reveals some differences. First, the
phase boundary is slightly different; it exists at approximately
x = 0.07 in this paper, whereas in the other study, it is
asserted as being at x = 0.05 [4]. Second, more importantly,
the AFM state is gradually suppressed with increasing x, and
finally it is replaced by superconductivity at approximately
x = 0.07 as in a quantum critical phase transition, in contrast
to the sudden (first-order-like) transition observed previously
[4]. These differences may have their origins in the different

annealing procedures that were used. Our result on the
relation between the AFM and the superconducting states is
similar to the phase diagram of CeFeAsO1−xFx [24] or heavily
doped LaFeAsO1−xHx [25] but appears to be different from
that obtained for LaO1−xFxFeAs [26]. Our phase diagram
is apparently different from that of Ba(Fe1−xCox )2As2 [27]
where AFM and superconductivity coexist.

For the superconducting samples with x � 0.08, the multi-
band nature always appears before superconductivity sets
in. This result is consistent with the scenario where pairing
is mediated by AFM fluctuations via Fermi-surface nesting
between the holes and the electron Fermi pockets [28,29].
Moreover, it should be remarked that the incoherent to coher-
ent crossover transition always appears before the multiband
nature or superconductivity sets in.

As noted above, T ∗∗
RH

and T ∗
ρab

coincide. This implies that
opening of the pseudogap is correlated with the coherent
transition. Moreover, T ∗

RH
and T ∗

ρc
coincide. Because the par-

ticipation of electron carriers in charge transport is the cause
for T ∗

RH
, this would also be expected to be the cause for

anomalous T ∗
ρc

. In the annealed samples, ρab is metallic, but ρc

is semiconducting in the temperature range between T ∗
ρab

and
T ∗

ρc
. This is very similar to the behavior of the cuprates [30] for

which the Fermi surface is two dimensional (2D) and the out-
of-plane hopping probability t⊥ reaches its maximum at the
antinode where the pseudogap opens [31]. Thus, we assume
that the hole band in the Fe1+yTe1−xSex system is similar to
that of the cuprates. On the other hand, when the electron band
appears below T ∗

ρc
, ρc shows a plateau [Fig. 2(d)]. This is be-

cause the out-of-plane conductivity originated in the electron
band is added to the semiconducting conductivity of the hole
bands. This indicates that the out-of-plane conductivity of the
electron band is rather metallic. On the basis of this result, we
suppose that t⊥ of the electron band does not depend much on
the in-plane wave number when the band is 2D, or the electron
band is anisotropically three dimensional. Here, we would
like to emphasize that these temperatures (T ∗

ρab
, T ∗

ρc
, and T ∗

RH
)

appear only in the superconducting (annealed) samples. It
should be noted that T ∗

ρab
cannot be recognized in the samples

with low Se concentrations (x � 0.06) and those samples
are not superconducting, irrespective as to whether they are
annealed [Fig. 2(a) and 2(b)].

Based on this analysis, we conclude that superconductivity
emerges from the coherent electronic state that is accom-
panied by opening of the pseudogap in this Fe1+yTe1−xSex

system. In other words, the existence of the coherent state
with the pseudogap is a prerequisite for the occurrence of
superconductivity. The importance of the coherent electronic
state for the emergence of superconductivity has been in-
ferred by ARPES measurements [5,6]. Here, we verified,
using transport measurements, that the incoherent to coher-
ent transition and opening of the pseudogap always take
place in the superconducting Fe1+yTe1−xSex samples at the
doping (x)-dependent characteristic temperature T ∗∗

RH
(or T ∗

ρab
)

above Tc.

IV. DISCUSSION

We next discuss the origin of the pseudogap. The ob-
servation of the pseudogap has been reported for other
Fe-based superconductors, such as Ba0.75K0.25Fe2As2 [32],
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BaFe2(As1−xPx )2 [33], and FeSe [34], and the origin
thereof has been explained in several ways. Here, in the
Fe1+yTe1−xSex system, we observed the transformation of the
electronic state to occur in two steps: at higher temperatures
T ∗∗

RH
(or T ∗

ρab
) and at lower temperatures T ∗

RH
(or T ∗

ρc
). We sup-

pose that the pseudogap opens at both of the temperatures T ∗∗
RH

and T ∗
RH

; the former (latter) corresponds to the temperature
below which the pseudogap gradually (substantially) opens.
One possibility for the occurrence of the pseudogap is the fluc-
tuations of the electronic nematic orders. First, we consider
the origin of the pseudogap at T ∗∗

RH
. In strongly correlated iron

chalcogenides, such as Fe1+yTe1−xSex, an orbital-selective
Mott phase (OSMP) and related incoherent to coherent transi-
tion has been proposed to exist theoretically [35,36], and it has
actually been observed by ARPES [6,37] in which only the
dxy orbital state (coherent at lower temperatures) loses spectral
weight at higher temperatures due to strong on-site Coulombic
interactions U and Hund’s coupling J . Thus, our observation
for the coherent transition below T ∗

ρab
may correspond to the

transformation from OSMP to the metallic state. On the basis
of the experimental observation [Fig. 6(c)], we assume that
the hole bands become coherent below this temperature. We
consider this coherent transition to be responsible for trigger-
ing the opening of the pseudogap. When the states become
coherent, the Fermi surfaces become well defined with some
kind of band hybridization, which would cause the pseudogap
to open through interband nesting. Simultaneously, this inter-
band nesting would enhance the orbital nematic fluctuations
[38]. In fact, elastoresistance measurements have revealed a
strong nematic response for FeTe0.6Se0.4 below Ts (≈T ∗∗

RH
or

T ∗
ρab

), similar to other optimally doped Fe-based superconduc-
tors [39]. Furthermore, energy splitting between the dxz and
the dyz bands at the � point, which is evidential of orbital
fluctuations, has been observed at low temperatures [40].
An elastic constant C66 in this compound showed substantial
(≈40%) softening [41] from high temperatures correspond-
ing to T ∗∗

RH
in a similar manner to Ba(Fe1−xCox )2As2 [42].

The electron-lattice coupling constant λ evaluated by Jahn-
Teller analysis was large (≈0.15 eV/Fe), further support-
ing the scenario for the development of the orbital nematic
fluctuations.

Next, we consider the origin of the pseudogap at T ∗
RH

.
Considering the experimental observation [Fig. 6(d)], we
assume that the electron bands also become coherent below
this temperature as part of the coherent transition originated
in the OSMP. Then, this coherent transition strengthens the
interband nesting with additional band hybridization, which
would result in substantial pseudogap opening. This im-
proved nesting would enhance the spin nematic fluctuation
as well [43]. Actually, in the optimally superconducting
FeTe1−xSex, the ratio of the strength of spin correlations with
a single-stripe AFM wave-vector QSAF = (π, 0) (here we
use Q-vector notation in the one-Fe unit cell) that connects
the hole and electron pockets to that with a double-stripe
AFM wave-vector QDSAF = (π/2, π/2) has been shown
to grow [44] similarly to the nematic response of the
elastoresistance measurements [39]. This result suggests that
the single-stripe AFM fluctuations are responsible for the
nematicity especially at low temperatures below T ∗

RH
. We con-

sider that QDSAF = (π/2, π/2), which developed in the parent

compound Fe1+yTe, competes with QSAF = (π, 0) causing
T ∗

RH
to decrease with decreasing x, and eventually to disappear

at x = 0.07.
The validity of this assumption was investigated by elas-

tic constant measurements. The elastic constant C44 in this
compound showed softening at low temperatures, but the
amount of softening was small (≈5%), and λ was small
(≈0.03 eV/Fe) [45] compared with λ (0.22–0.25 eV/Fe) for
C66 of Ba(Fe1−xCox )2As2 [42]. This result implies that the
development of spin correlation with QDSAF = (π/2, π/2) is
responsible for the anomalous C44 [45]. On the other hand, the
development of the QSAF = (π, 0) correlation may contribute
to the anomalous C66. With increasing Te-annealing dura-
tions, the C44 anomaly decreased, whereas, the C66 anomaly
increased [41]. This result implies that the spin correlation
with QDSAF = (π/2, π/2) was weakened whereas that with
QSAF = (π, 0) was strengthened by the annealing. This is
consistent with the assumption that double-stripe AFM order
competes with single-stripe AFM fluctuation and, thus, sup-
ports the scenario that the spin nematic fluctuation based on
the QSAF = (π, 0) correlation is responsible for the pseudo-
gap opening below T ∗

RH
. Details will be published elsewhere.

Even in the as-grown sample, we assume that some kind
of pseudogap opens below ≈150 K. However, the origin
may be different from that of the superconducting samples
mentioned above. Excess iron in the as-grown samples
may suppress the electronic coherence and, thus, the spin
correlations with QSAF = (π, 0); instead, it may stabilize spin
correlations of the parent compound QDSAF = (π/2, π/2),
causing another pseudogap to open. In this case, T ∗

RH
’s never

appear because T ∗
RH

is associated with the development of the
spin correlations with QSAF = (π, 0). In fact, development
of the spin correlations with QDSAF = (π/2, π/2) have been
reported in nonsuperconducting FeTe1−xSex with x = 0.45
and excess iron [44].

Another possible explanation for the existence of the pseu-
dogap below T ∗

RH
is preformed Cooper pairing. Recently, Fe-

based superconductors, especially the “11” system, have been
argued to exist deep inside the crossover regime between
weak-coupling Bardeen-Cooper-Schrieffer (BCS) and strong-
coupling Bose-Einstein condensate (BEC). In FeSe, the onset
of strong nonlinear diamagnetism, which provides evidence
for the prevailing phase fluctuations of superconductivity, has
been shown at ≈20 K [46], which more than twice exceeds
its Tc ≈ 8.5 K. FeTe1−xSex has been shown to exhibit a large
superconducting gap � and small values for the Fermi energy
εF [47,48]; the ratio �/εF ≈ 0.5 suggests that this system is
within the BCS-BEC crossover regime. Therefore, preformed
Cooper pairing above Tc may be possible in this FeTe1−xSex

system. Much more effort would be required to clarify the
origin of the pseudogap and to understand the role it plays
in superconductivity.

To summarize, the x-T phase diagram of
Fe1+yTe1−xSex (0 � x � 0.4) was studied by performing
various transport measurements on samples with and without
Te annealing. In the superconducting samples (Te-annealed
samples with 0.08 � x � 0.4), the incoherent to coherent
crossover transition, which is accompanied by the opening of
the pseudogap, was found to occur in two steps. First, only
the in-plane state becomes coherent at higher temperatures
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below T ∗∗
RH

(and T ∗
ρab

≈ 150 K for x = 0.2). Second, both
the in-plane and the out-of-plane states become coherent
with the multiband nature at lower temperatures below T ∗

RH

(and T ∗
ρc

≈ 50 K for x = 0.2). Based on these results, we
established a new x-T phase diagram, which may be inherent
to the strongly correlated Fe1+yTe1−xSex system. The phase
diagram reveals that, not only the emergence of the phase
with a multiband nature, but also the coherent transition with
the pseudogap, are primarily important for the occurrence of
superconductivity.

ACKNOWLEDGMENTS

We thank K. Koshiishi, A. Fujimori, H. Kontani, S. Onari,
T. Tamegai, and Y. Koike for their helpful discussions. This
work was supported by Hirosaki University Grant for Dis-
tinguished Researchers FY2017-2018. The magnetotransport
measurements were mostly performed using PPMS at Iwate
University. Some of the measurements were performed at
the High Field Laboratory for Superconducting Materials,
Institute for Materials Research, Tohoku University (Project
No. 14H0007).

[1] S.-i. Uchida, High Temperature Superconductivity: The Road
to Higher Critical Temperature, Springer Series in Materials
Science (Springer, Tokyo, 2015).

[2] M. H. Fang, H. M. Pham, B. Qian, T. J. Liu, E. K. Vehstedt,
Y. Liu, L. Spinu, and Z. Q. Mao, Superconductivity close
to magnetic instability in Fe(Se1−xTex )0.82, Phys. Rev. B 78,
224503 (2008).

[3] Z. P. Yin, K. Haule, and G. Kotliar, Kinetic frustration and the
nature of the magnetic and paramagnetic states in iron pnictides
and iron chalcogenides, Nature Mater. 10, 932 (2011).

[4] Y. Sun, T. Yamada, S. Pyon, and T. Tamegai, Influence of
interstitial Fe to the phase diagram of Fe1+yTe1−xSex single
crystals, Sci. Rep. 6, 32290 (2016).

[5] E. Ieki, K. Nakayama, Y. Miyata, T. Sato, H. Miao, N. Xu,
X.-P. Wang, P. Zhang, T. Qian, P. Richard, Z.-J. Xu, J. S. Wen,
G. D. Gu, H. Q. Luo, H.-H. Wen, H. Ding, and T. Takahashi,
Evolution from incoherent to coherent electronic states and its
implications for superconductivity in FeTe1−xSex , Phys. Rev. B
89, 140506(R) (2014).

[6] Z. K. Liu, M. Yi, Y. Zhang, J. Hu, R. Yu, J.-X. Zhu,
R.-H. He, Y. L. Chen, M. Hashimoto, R. G. Moore, S.-K.
Mo, Z. Hussain, Q. Si, Z. Q. Mao, D. H. Lu, and Z.-X. Shen,
Experimental observation of incoherent-coherent crossover and
orbital-dependent band renormalization in iron chalcogenide
superconductors, Phys. Rev. B 92, 235138 (2015).

[7] Y. Koshika, T. Usui, S. Adachi, T. Watanabe, K. Sakano, S.
Simayi, and M. Yoshizawa, Effects of Annealing under Tel-
lurium Vapor for Fe1.03Te0.8Se0.2 Single Crystals, J. Phys. Soc.
Jpn. 82, 023703 (2013).

[8] T. Motohashi, Y. Nakayama, T. Fujita, K. Kitazawa, J.
Shimoyama, and K. Kishio, Systematic decrease of resistivity
anisotropy in Bi2Sr2CaCu2Oy by Pb doping, Phys. Rev. B 59,
14080 (1999).

[9] T. Noji, T. Suzuki, H. Abe, T. Adachi, M. Kato, and Y. Koike,
Growth, annealing effects on superconducting and magnetic
properties, and anisotropy of FeSe1−xTex (0.5 � x � 1) single
crystals, J. Phys. Soc. Jpn. 79, 084711 (2010).

[10] I. Tsukada, M. Hanawa, S. Komiya, T. Akiike, R. Tanaka,
Y. Imai, and A. Maeda, Hall effect in superconducting
Fe(Se0.5Te0.5) thin films, Phys. Rev. B 81, 054515 (2010).

[11] Y. Sun, T. Taen, T. Yamada, S. Pyon, T. Nishizaki, Z. Shi, and
T. Tamegai, Multiband effects and possible Dirac fermions in
Fe1+yTe0.6Se0.4, Phys. Rev. B 89, 144512 (2014).

[12] M. Tropeano, I. Pallecchi, M. R. Cimberle, C. Ferdeghini,
G. Lamura, M. Vignolo, A. Martinelli, A. Palenzona, and
M. Putti, Transport and superconducting properties of Fe-based
superconductors: SmFeAs(O1−xFx) versus Fe1+y(Te1−x , Sex),
Supercond. Sci. Technol. 23, 054001 (2010).

[13] S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S.
Tonegawa, R. Okazaki, H. Shishido, H. Ikeda, H. Takeya,
K. Hirata, T. Terashima, and Y. Matsuda, Evolution from
non-Fermi- to Fermi-liquid transport via isovalent doping in
BaFe2(As1−xPx )2 superconductors, Phys. Rev. B 81, 184519
(2010).

[14] R. H. Liu, G. Wu, T. Wu, D. F. Fang, H. Chen, S. Y. Li, K. Liu,
Y. L. Xie, X. F. Wang, R. L. Yang, L. Ding, C. He, D. L. Feng,
and X. H. Chen, Anomalous Transport Properties and Phase
Diagram of the FeAs-Based SmFeAsO1−xFx Superconductors,
Phys. Rev. Lett. 101, 087001 (2008).

[15] M. J. Eom, S. W. Na, C. Hoch, R. K. Kremer, and J. S. Kim,
Evolution of transport properties of BaFe2−xRuxAs2 in a wide
range of isovalent Ru substitution, Phys. Rev. B 85, 024536
(2012).

[16] Y. Sun, T. Taen, T. Yamada, Y. Tsuchiya, S. Pyon, and T.
Tamegai, Evolution of superconducting and transport properties
in annealed FeTe1−xSex (0.1 � x � 0.4) multiband supercon-
ductors, Supercond. Sci. Technol. 28, 044002 (2015).

[17] F. Rullier-Albenque, D. Colson, A. Forget, and H. Alloul, Hall
Effect and Resistivity Study of the Magnetic Transition, Car-
rier Content, and Fermi-Liquid Behavior in Ba(Fe1−xCox )2As2,
Phys. Rev. Lett. 103, 057001 (2009).

[18] L. Fang, H. Luo, P. Cheng, Z. Wang, Y. Jia, G. Mu, B. Shen, I. I.
Mazin, L. Shan, C. Ren, and H. H. Wen, Roles of multiband
effects and electron-hole asymmetry in the superconductivity
and normal-state properties of Ba(Fe1−xCox )2As2, Phys. Rev. B
80, 140508(R) (2009).

[19] H. Kontani, K. Kanki, and K. Ueda, Hall effect and resistivity in
high-Tc superconductors: The conserving approximation, Phys.
Rev. B 59, 14723 (1999).

[20] T. Shibauchi, L. Krusin-Elbaum, M. Li, M. P. Maley, and
P. H. Kes, Closing the Pseudogap by Zeeman Splitting in
Bi2Sr2CaCu2O8+y at High Magnetic Fields, Phys. Rev. Lett. 86,
5763 (2001).

[21] T. Watanabe, T. Usui, S. Adachi, Y. Teramoto, M. M. Dobroka,
I. Kakeya, A. Kondo, K. Kindo, and S. Kimura, Origin
of positive out-of-plane magnetoconductivity in overdoped
Bi1.6Pb0.4Sr2CaCu1.96Fe0.04O8+δ , Phys. Rev. B 94, 174517
(2016).

[22] K. Koshiishi, T. Otsuka, S. Nakata, K. Hagiwara, C. Lin, Y.
Wan, H. Kumigashira, K. Ono, K. Horiba, T. Watanabe, and
A. Fujimori, ARPES study of Te-annealed 11-type iron-based
superconductor FeTe1−xSex , Photon Factory Activity Report
No. 35, 2018 (unpublished).

[23] K. Koshiishi et al. (unpublished).
[24] J. Zhao, Q. Huang, C. de la Cruz, S. Li, J. W. Lynn, Y. Chen,

M. A. Green, G. F. Chen, G. Li, Z. Li, J. L. Luo, N. L.

184505-8

https://doi.org/10.1103/PhysRevB.78.224503
https://doi.org/10.1103/PhysRevB.78.224503
https://doi.org/10.1103/PhysRevB.78.224503
https://doi.org/10.1103/PhysRevB.78.224503
https://doi.org/10.1038/nmat3120
https://doi.org/10.1038/nmat3120
https://doi.org/10.1038/nmat3120
https://doi.org/10.1038/nmat3120
https://doi.org/10.1038/srep32290
https://doi.org/10.1038/srep32290
https://doi.org/10.1038/srep32290
https://doi.org/10.1038/srep32290
https://doi.org/10.1103/PhysRevB.89.140506
https://doi.org/10.1103/PhysRevB.89.140506
https://doi.org/10.1103/PhysRevB.89.140506
https://doi.org/10.1103/PhysRevB.89.140506
https://doi.org/10.1103/PhysRevB.92.235138
https://doi.org/10.1103/PhysRevB.92.235138
https://doi.org/10.1103/PhysRevB.92.235138
https://doi.org/10.1103/PhysRevB.92.235138
https://doi.org/10.7566/JPSJ.82.023703
https://doi.org/10.7566/JPSJ.82.023703
https://doi.org/10.7566/JPSJ.82.023703
https://doi.org/10.7566/JPSJ.82.023703
https://doi.org/10.1103/PhysRevB.59.14080
https://doi.org/10.1103/PhysRevB.59.14080
https://doi.org/10.1103/PhysRevB.59.14080
https://doi.org/10.1103/PhysRevB.59.14080
https://doi.org/10.1143/JPSJ.79.084711
https://doi.org/10.1143/JPSJ.79.084711
https://doi.org/10.1143/JPSJ.79.084711
https://doi.org/10.1143/JPSJ.79.084711
https://doi.org/10.1103/PhysRevB.81.054515
https://doi.org/10.1103/PhysRevB.81.054515
https://doi.org/10.1103/PhysRevB.81.054515
https://doi.org/10.1103/PhysRevB.81.054515
https://doi.org/10.1103/PhysRevB.89.144512
https://doi.org/10.1103/PhysRevB.89.144512
https://doi.org/10.1103/PhysRevB.89.144512
https://doi.org/10.1103/PhysRevB.89.144512
https://doi.org/10.1088/0953-2048/23/5/054001
https://doi.org/10.1088/0953-2048/23/5/054001
https://doi.org/10.1088/0953-2048/23/5/054001
https://doi.org/10.1088/0953-2048/23/5/054001
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevLett.101.087001
https://doi.org/10.1103/PhysRevLett.101.087001
https://doi.org/10.1103/PhysRevLett.101.087001
https://doi.org/10.1103/PhysRevLett.101.087001
https://doi.org/10.1103/PhysRevB.85.024536
https://doi.org/10.1103/PhysRevB.85.024536
https://doi.org/10.1103/PhysRevB.85.024536
https://doi.org/10.1103/PhysRevB.85.024536
https://doi.org/10.1088/0953-2048/28/4/044002
https://doi.org/10.1088/0953-2048/28/4/044002
https://doi.org/10.1088/0953-2048/28/4/044002
https://doi.org/10.1088/0953-2048/28/4/044002
https://doi.org/10.1103/PhysRevLett.103.057001
https://doi.org/10.1103/PhysRevLett.103.057001
https://doi.org/10.1103/PhysRevLett.103.057001
https://doi.org/10.1103/PhysRevLett.103.057001
https://doi.org/10.1103/PhysRevB.80.140508
https://doi.org/10.1103/PhysRevB.80.140508
https://doi.org/10.1103/PhysRevB.80.140508
https://doi.org/10.1103/PhysRevB.80.140508
https://doi.org/10.1103/PhysRevB.59.14723
https://doi.org/10.1103/PhysRevB.59.14723
https://doi.org/10.1103/PhysRevB.59.14723
https://doi.org/10.1103/PhysRevB.59.14723
https://doi.org/10.1103/PhysRevLett.86.5763
https://doi.org/10.1103/PhysRevLett.86.5763
https://doi.org/10.1103/PhysRevLett.86.5763
https://doi.org/10.1103/PhysRevLett.86.5763
https://doi.org/10.1103/PhysRevB.94.174517
https://doi.org/10.1103/PhysRevB.94.174517
https://doi.org/10.1103/PhysRevB.94.174517
https://doi.org/10.1103/PhysRevB.94.174517


INCOHERENT-COHERENT CROSSOVER AND THE … PHYSICAL REVIEW B 99, 184505 (2019)

Wang, and P. Dai, Structural and magnetic phase diagram of
CeFeAsO1−xFx and its relation to high-temperature supercon-
ductivity, Nature Mater. 7, 953 (2008).

[25] R. Sakurai, N. Fujiwara, N. Kawaguchi, Y. Yamakawa, H.
Kontani, S. Iimura, S. Matsuishi, and H. Hosono, Quantum
critical behavior in heavily doped LaFeAsO1−xHx pnictide
superconductors analyzed using nuclear magnetic resonance,
Phys. Rev. B 91, 064509 (2015).

[26] H. Luetkens, H.-H. Klauss, M. Kraken, F. J. Litterst, T.
Dellmann, R. Klingeler, C. Hess, R. Khasanov, A. Amato,
C. Baines, M. Kosmala, O. J. Schumann, M. Braden,
J. Hamann-Borrero, N. Leps, A. Kondrat, G. Behr, J.
Werner, and B. Büchner, The electronic phase diagram of
the LaO1−xFxFeAs superconductor, Nature Mater. 22, 305
(2009).

[27] S. Nandi, M. G. Kim, A. Kreyssig, R. M. Fernandes, D. K. Pratt,
A. Thaler, N. Ni, S. L. Bud’ko, P. C. Canfield, J. Schmalian,
R. J. McQueeney, and A. I. Goldman, Anomalous Suppres-
sion of the Orthorhombic Lattice Distortion in Superconduct-
ing Ba(Fe1−xCox )2As2 Single Crystals, Phys. Rev. Lett. 104,
057006 (2010).

[28] I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Uncon-
ventional Superconductivity with a Sign Reversal in the Order
Parameter of LaFeAsO1−xFx, Phys. Rev. Lett. 101, 057003
(2008).

[29] K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani,
and H. Aoki, Unconventional Pairing Originating from the Dis-
connected Fermi Surfaces of Superconducting LaFeAsO1−xFx,
Phys. Rev. Lett. 101, 087004 (2008).

[30] T. Usui, D. Fujiwara, S. Adachi, H. Kudo, K. Murata, H.
Kushibiki, T. Watanabe, K. Kudo, T. Nishizaki, N. Kobayashi,
S. Kimura, K. Yamada, T. Naito, T. Noji, and Y. Koike,
Doping dependencies of onset temperatures for the pseudogap
and superconductive fluctuation in Bi2Sr2CaCu2O8+δ , studied
from both in-plane and out-of-plane magnetoresistance mea-
surements, J. Phys. Soc. Jpn. 83, 064713 (2014).

[31] L. B. Ioffe and A. J. Millis, Zone-diagonal-dominated transport
in high-Tc cuprates, Phys. Rev. B 58, 11631 (1998).

[32] Y.-M. Xu, P. Richard, K. Nakayama, T. Kawahara, Y. Sekiba, T.
Qian, M. Neupane, S. Souma, T. Sato, T. Takahashi, H.-Q. Luo,
H.-H. Wen, G.-F. Chen, N.-L. Wang, Z. Wang, Z. Fang, X. Dai,
and H. Ding, Fermi surface dichotomy of the superconducting
gap and pseudogap in underdoped pnictides, Nat. Commun. 2,
392 (2011).

[33] T. Shimojima, T. Sonobe, W. Malaeb, K. Shinada, A. Chainani,
S. Shin, T. Yoshida, S. Ideta, A. Fujimori, H. Kumigashira, K.
Ono, Y. Nakashima, H. Anzai, M. Arita, A. Ino, H. Namatame,
M. Taniguchi, M. Nakajima, S. Uchida, Y. Tomioka, T. Ito, K.
Kihou, C. H. Lee, A. Iyo, H. Eisaki, K. Ohgushi, S. Kasahara, T.
Terashima, H. Ikeda, T. Shibauchi, Y. Matsuda, and K. Ishizaka,
Pseudogap formation above the superconducting dome in iron
pnictides, Phys. Rev. B 89, 045101 (2014).

[34] S. Rößler, C. Koz, L. Jiao, U. K. Rößler, F. Steglich, U.
Schwarz, and S. Wirth, Emergence of an incipient ordering
mode in FeSe, Phys. Rev. B 92, 060505(R) (2015).

[35] R. Yu and Q. Si, Orbital-selective Mott Phase in Multiorbital
Models for Alkaline Iron Selenides K1−xFe2−ySe2, Phys. Rev.
Lett. 110, 146402 (2013).

[36] Z. P. Yin, K. Haule, and G. Kotliar, Fractional power-law
behavior and its origin in iron-chalcogenide and ruthenate
superconductors: Insights from first-principles calculations,
Phys. Rev. B 86, 195141 (2012).

[37] M. Yi, Z.-K. Liu, Y. Zhang, R. Yu, J.-X. Zhu, J. J. Lee, R. G.
Moore, F. T. Schmitt, W. Li, S. C. Riggs, J.-H. Chu, B. Lv, J.
Hu, M. Hashimoto, S.-K. Mo, Z. Hussain, Z. Q. Mao, C. W.
Chu, I. R. Fisher, Q. Si, Z.-X. Shen, and D. H. Lu, Observation
of universal strong orbital-dependent correlation effects in iron
chalcogenides, Nat. Commun. 6, 7777 (2015).

[38] H. Kontani, T. Saito, and S. Onari, Origin of orthorhombic
transition, magnetic transition, and shear-modulus softening in
iron pnictide superconductors: Analysis based on the orbital
fluctuations theory, Phys. Rev. B 84, 024528 (2011).

[39] H.-H. Kuo, J.-H. Chu, J. C. Palmstrom, S. A. Kivelson, and I. R.
Fisher, Ubiquitous signatures of nematic quantum criticality in
optimally doped Fe-based superconductors, Science 352, 958
(2016).

[40] P. D. Johnson, H.-B. Yang, J. D. Rameau, G. D. Gu, Z.-H. Pan,
T. Valla, M. Weinert, and A. V. Fedorov, Spin-Orbit Interactions
and the Nematicity Observed in the Fe-Based Superconductors,
Phys. Rev. Lett. 114, 167001 (2015).

[41] M. Yoshizawa (unpublished).
[42] M. Yoshizawa, D. Kimura, T. Chiba, S. Simayi, Y. Nakanishi,

K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, M. Nakajima, and S.-i.
Uchida, Structural Quantum Criticality and Superconductivity
in Iron-Based Superconductor Ba(Fe1−xCox )2As2, J. Phys. Soc.
Jpn. 81, 024604 (2012).

[43] R. M. Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and
J. Schmalian, Preemptive nematic order, pseudogap, and or-
bital order in the iron pnictides, Phys. Rev. B 85, 024534
(2012).

[44] Z. Xu, J. A. Schneeloch, J. Wen, E. S. Božin, G. E. Granroth,
B. L. Winn, M. Feygenson, R. J. Birgeneau, G. Gu, I. A.
Zaliznyak, J. M. Tranquada, and G. Xu, Thermal evolution
of antiferromagnetic correlations and tetrahedral bond angles
in superconducting FeTe1−xSex , Phys. Rev. B 93, 104517
(2016).

[45] H. Takezawa, K. Sakano, S. Simayi, C. Fujii, M. Nakamura,
Y. Nakanishi, Y. Koshika, Y. Takahashi, T. Watanabe, and M.
Yoshizawa, Elastic properties of iron-based superconductors
FeTe1−xSex by ultrasonic measurement, Proceedings of the In-
ternational Conference on Strongly Correlated Electron Systems
(SCES2013), JPS Conf. Proc. 3, 016025 (2014).

[46] S. Kasahara, T. Yamashita, A. Shi, R. Kobayashi, Y.
Shimoyama, T. Watashige, K. Ishida, T. Terashima, T. Wolf,
F. Hardy, C. Meingast, H. v. Löhneysen, A. Levchenko, T.
Shibauchi, and Y. Matsuda, Giant superconducting fluctuations
in the compensated semimetal FeSe at the BCS-BEC crossover,
Nat. Commun. 7, 12843 (2016).

[47] Y. Lubashevsky, E. Lahoud, K. Chashka, D. Podolsky, and A.
Kanigel, Shallow pockets and very strong coupling supercon-
ductivity in FeSexTe1−x , Nat. Phys. 8, 309 (2012).

[48] K. Okazaki, Y. Ito, Y. Ota, Y. Kotani, T. Shimojima, T. Kiss,
S. Watanabe, C.-T. Chen, S. Niitaka, T. Hanaguri, H. Takagi,
A. Chainani, and S. Shin, Shallow pockets and very strong
coupling superconductivity in FeSexTe1−x , Sci. Rep. 4, 4109
(2014).

184505-9

https://doi.org/10.1038/nmat2315
https://doi.org/10.1038/nmat2315
https://doi.org/10.1038/nmat2315
https://doi.org/10.1038/nmat2315
https://doi.org/10.1103/PhysRevB.91.064509
https://doi.org/10.1103/PhysRevB.91.064509
https://doi.org/10.1103/PhysRevB.91.064509
https://doi.org/10.1103/PhysRevB.91.064509
https://doi.org/10.1038/nmat2397
https://doi.org/10.1038/nmat2397
https://doi.org/10.1038/nmat2397
https://doi.org/10.1038/nmat2397
https://doi.org/10.1103/PhysRevLett.104.057006
https://doi.org/10.1103/PhysRevLett.104.057006
https://doi.org/10.1103/PhysRevLett.104.057006
https://doi.org/10.1103/PhysRevLett.104.057006
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.087004
https://doi.org/10.1103/PhysRevLett.101.087004
https://doi.org/10.1103/PhysRevLett.101.087004
https://doi.org/10.1103/PhysRevLett.101.087004
https://doi.org/10.7566/JPSJ.83.064713
https://doi.org/10.7566/JPSJ.83.064713
https://doi.org/10.7566/JPSJ.83.064713
https://doi.org/10.7566/JPSJ.83.064713
https://doi.org/10.1103/PhysRevB.58.11631
https://doi.org/10.1103/PhysRevB.58.11631
https://doi.org/10.1103/PhysRevB.58.11631
https://doi.org/10.1103/PhysRevB.58.11631
https://doi.org/10.1038/ncomms1394
https://doi.org/10.1038/ncomms1394
https://doi.org/10.1038/ncomms1394
https://doi.org/10.1038/ncomms1394
https://doi.org/10.1103/PhysRevB.89.045101
https://doi.org/10.1103/PhysRevB.89.045101
https://doi.org/10.1103/PhysRevB.89.045101
https://doi.org/10.1103/PhysRevB.89.045101
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevLett.110.146402
https://doi.org/10.1103/PhysRevLett.110.146402
https://doi.org/10.1103/PhysRevLett.110.146402
https://doi.org/10.1103/PhysRevLett.110.146402
https://doi.org/10.1103/PhysRevB.86.195141
https://doi.org/10.1103/PhysRevB.86.195141
https://doi.org/10.1103/PhysRevB.86.195141
https://doi.org/10.1103/PhysRevB.86.195141
https://doi.org/10.1038/ncomms8777
https://doi.org/10.1038/ncomms8777
https://doi.org/10.1038/ncomms8777
https://doi.org/10.1038/ncomms8777
https://doi.org/10.1103/PhysRevB.84.024528
https://doi.org/10.1103/PhysRevB.84.024528
https://doi.org/10.1103/PhysRevB.84.024528
https://doi.org/10.1103/PhysRevB.84.024528
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1143/JPSJ.81.024604
https://doi.org/10.1143/JPSJ.81.024604
https://doi.org/10.1143/JPSJ.81.024604
https://doi.org/10.1143/JPSJ.81.024604
https://doi.org/10.1103/PhysRevB.85.024534
https://doi.org/10.1103/PhysRevB.85.024534
https://doi.org/10.1103/PhysRevB.85.024534
https://doi.org/10.1103/PhysRevB.85.024534
https://doi.org/10.1103/PhysRevB.93.104517
https://doi.org/10.1103/PhysRevB.93.104517
https://doi.org/10.1103/PhysRevB.93.104517
https://doi.org/10.1103/PhysRevB.93.104517
https://doi.org/10.7566/JPSCP.3.016025
https://doi.org/10.7566/JPSCP.3.016025
https://doi.org/10.7566/JPSCP.3.016025
https://doi.org/10.7566/JPSCP.3.016025
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/srep04109
https://doi.org/10.1038/srep04109
https://doi.org/10.1038/srep04109
https://doi.org/10.1038/srep04109

