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Overview

1. Iron-based superconductors (IBSs)

• Physical properties

2. Tuning of the superconducting properties
• SC transition temperature (strain, monolayer, intercalation, EDLT)

• Grain boundary, GB
• Critical current density (natural defects, APC, thermodynamic approach)

3. Progress Toward applications

• Use of IBS wires and bulks in magnets, and perspective
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Discover of Iron based superconductors (IBSs) 
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Since the discovery of high transition temperature (Tc) super-
conductivity in layered copper-based oxides,1,2 extensive efforts
have been devoted to the exploration of new material systems
containing transition metal ions other than copper in a hope to
realize higher transition temperatures because it is widely believed
that the high Tc values of the copper oxides are related to the strong
electron correlation associated with the transition metal ions.
Further, researchers have focused mostly on layered structures due
to a freedom to control the carrier density in the transition metal
oxide layer. These efforts have led to the discoveries of several
novel superconductors, such as Sr2RuO4,3 KOs2O6,4 NaxCoO2/
1.3H2O,5 and LnFe4P12 (Ln ) Y, La).6,7 Although their Tc’s are
much lower than those of the copper oxides, the discoveries of
superconductivity in the new material systems provide valuable
knowledge for understanding physics underlying the oxide super-
conductors as well as for finding an approach to a novel high Tc
superconductor. Here we report a new class of superconductor, an
iron-based layered oxy-pnictide LaOFeP. LaOFeP is composed of
an alternate stack of lanthanum oxide (La3+O2-) and iron pnictide
(Fe2+P3-) layers (Figure 1a).8 It is thought that carriers flow in the
two-dimensional (Fe2+P3-) layers, while impurity doping to the
(La3+O2-) layer transfers the carriers generated in the (La3+O2-)
layer to the (Fe2+P3-) layers, which works as “natural modulation
doping”, similar to the high Tc superconductors9 and transparent
P-type semiconductor copper-based oxychalcogenides.10,11 The first
synthesis and the crystal structure analysis of LaOFeP were
performed by Zimmer et al.,8 although electronic and magnetic
properties have not been reported.
We employed a different synthesis process from the one reported

by Zimmer et al. in this study. First, LaP, FeP, and Fe2P were
prepared by heating stoichiometric mixtures of La (Shinetsu
Chemical, purity 99.5%), Fe (Kojundo Chemical, 99.9%+), and P
(Rare Metallic Chemical, 99.999%) at 700 °C for 10 h in evacuated
silica tubes. On the other hand, La2O3 was prepared by dehydrating
commercial La2O3 powder (Kojundo Chemical, 99.99%) at 600 °C
for 10 h in air. Then, nominally pure and F-doped LaOFeP
[La(O0.94F0.06)FeP] were synthesized by heating stoichiometric
mixtures of LaP, FeP, Fe2P, La, LaF3 (Morita Chemical 99%), and
La2O3 powders in silica tubes at 1200 °C for 40 h. The silica tubes
were filled with atmospheric pressure of high purity Ar gas at room
temperature to prevent implosion of the silica tubes. The crystal
structure of the resulting powder was examined by powder X-ray
diffraction (XRD; Rigaku RINT) using Cu KR radiation and refined
by the Rietveld method using the code RIETAN2000.12 DC
electrical resistivity measurement was performed by a dc four-probe
technique employing silver paste as electrodes. Thermoelectric

power was measured with a Cu probing to determine the charge
type for the majority carrier.
The magnetic measurements were made by a vibrating sample

magnetometer (VSM; Quantum Design). The magnetic susceptibil-
ity (!) was obtained from the magnetization in a magnetic field at
<10 Oe after zero-field cooling.
Synthesized powders show dark brown color with a metallic

luster, and they are stable in air. Figure 1b shows the powder XRD
pattern of the obtained sample with a calculated diffraction pattern.
The diffraction angles shown were calculated from the lattice
parameters obtained by the least-squares fitting method (a ) b )
0.3964(1), c ) 0.8512(3) nm). All the diffractions were indexed to
this crystal structure, showing the sample was single phase. The
refined structure shows that the FeP4 tetrahedron is distorted with
two different P-Fe-P bonding angles of 104.39(4) and 120.18(8)°
(Figure 1b). Figure 2 shows the F-T curves for pure and F-doped
LaOFeP at a magnetic field (H) of 0 Oe. It is evident that both the
data exhibit metallic behavior in the electrical conductivity at
temperatures >10 K. At temperatures below 5 K, a sharp drop in
F is observed, and the resistivity vanishes at 3.2 K (Figure 3a),
implying transition to a superconductivity phase. The transition
temperature shifts to lower temperatures with increasing H,
indicating that the magnetic field breaks the superconductivity state.
The superconducting transition temperature was significantly raised
by F-doping as seen in Figure 3b. The magnetic susceptibilities
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Figure 1. (a) Crystal structure of LaOFeP. The green polyhedra indicate
the FeP4 tetrahedra. (b) Observed XRD pattern for LaOFeP. The vertical
bars at the bottom show the calculated positions of Bragg diffractions. Inset
shows the structure of a FeP4 tetrahedron with P-Fe-P bonding angles
analyzed by the Rietveld method.
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Discovery of the copper-based superconductor La2-xBaxCuO41
with a high transition temperature (Tc) triggered extensive research
with the intention of developing new transition-metal-based super-
conductors.2,3 Currently, high Tc superconductors are limited to
layered perovskites that contain CuO2 structural units as the
conduction layers. However, the Tc of the non-Cu-based supercon-
ductors in this category has remained low, although spin triplet
superconductivity has been found in UPt3 (Tc ∼ 0.54 K)4 and Sr2-
RuO4 (Tc ∼ 1.4 K).5,6 Here, we report a layered iron-based
compound, LaOFeAs, which undergoes superconducting transition
under doping with F- ions at the O2- site. Its Tc exhibits a
trapezoidal shape dependence on F- content, with the highest Tc
of ∼26 K at 5-11 atom %. Further, its magnetic susceptibility
indicates that F-doped LaOFeAs exhibits Curie-Weiss-like be-
havior in the normal conducting state.
We have been studying several quaternary oxypnictides, LaOMPn

(M ) Mn, Fe, Co, and Ni; Pn ) P and As),7-10 leading to the
discovery of the Fe and Ni based superconductors, LaOFeP (Tc ∼
5 K)8 and LaONiP (Tc ∼ 3 K).9 LaOFeAs, a member of LaOMPn,
has a layered crystal structure belonging to the tetragonal P4/nmm
space group. As shown in Figure 1a, the unit cell contains two
molecules, and the chemical formula is represented by (La2O2)(Fe2-
As2). The Fe2As2 layer, which is sandwiched between the La2O2
layers, serves as a carrier conduction path.8-11 Thus, conduction
carriers are two-dimensionally confined in the Fe2As2 layer, causing
strong interactions among the electrons. Further, aliovalent ion
doping in the insulating La2O2 layer, for instance, the replacement
of O2- with F-, may provide an extra positive charge in the
insulating layer and a negative charge in the conduction layer. This
would lead to the modulation of the interactions through the change
in carrier density, without seriously exerting crystallographic defects
in the conduction layer.
Polycrystalline LaOFeAs was synthesized by heating a mixture

of lanthanum arsenide, iron arsenide, and dehydrated La2O3 powders
in a silica tube filled with Ar gas at 1250 °C for 40 h, a procedure
similar to that employed for LaOFeP.8 Ca2+ and F- ion doping
was performed by adding CaO and a 1:1 mixture of LaF3 and La,
respectively, to the starting material. The crystal structure, phase
purity, and lattice constants of the resulting powders were examined
by powder X-ray diffraction (XRD; Bruker D8 Advance TXS) using
Cu KR radiation from a rotating anode with the aid of Rietveld
refinement using Code TOPAS3.12 DC electrical resistivity was
measured by a four-probe technique using silver paste electrodes
at temperatures of 1.8 to 300 K. Magnetization measurements were
performed with a vibrating sample magnetometer (VSM; Quantum

Design) in the same temperature range. Figure 1b shows typical
powder XRD patterns of undoped and 5 atom % F-doped LaOFeAs.
All the peaks are assigned the same as those for the LaOFeAs

phase, except some weak peaks that were assigned to impurity
phases,13 indicating that the samples are mostly composed of a
single phase. The LaOFeAs phase is tetragonal with room-
temperature lattice constants of a ) 0.403552(8) nm and c )
0.87393(2) nm for the undoped samples and a ) 0.40320(1) nm
and c ) 0.87263(3) nm for the 5 atom % F-doped samples. The
lattice constants decrease systematically with nominal dopant
concentration by F- substitution to the site of O2- ions. The contents
of the dopant (x) were determined by the lattice constants using
Vegard’s volume rule.14 Figure 2a shows the temperature (T)
dependences of electrical resistivity (F) and magnetic molar
susceptibility (!mol) for undoped and F-doped LaOFeAs samples.
The F-T curve for the undoped LaOFeAs sample exhibits a sudden
decrease at ∼150 K (Tanom). With a further decrease in temperature
below Tanom, F continues to decrease and then increases, showing
a minimum at ∼100 K (Tmin). F-doped samples (3, 4, and 5 atom
%) also show Tmin, whose values were lowered with the F- content.
However, the minimum disappears in 11 and 12 atom % F-doped
samples. It is noteworthy that, with a further decrease in T, the F-T
curves in the samples with F- content more than 4 atom % show
abrupt drops to zero at 5-22 K depending on the F- content, while
the undoped and 3 atom % F-doped samples never exhibit zero
resistivity.
As shown in Figure 2b, !mol for the 5 atom % F-doped sample

starts to decrease at ∼25 K and shows large negative values with
the lowering of T. On the other hand, !mol for the undoped sample
shows positive values in the entire temperature range examined.
The zero resistivity and the large diamagnetic susceptibility indicate
that LaOFeAs becomes a superconductor by F-doping.
The volume fraction of the superconducting (SC) phase estimated

from the observed diamagnetic susceptibility is ∼50%, confirming
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Figure 1. (a) Crystal structure of LaOFeAs. (b) Powder XRD patterns of
undoped LaOFeAs and La[O1-xFx]FeAs: x ) 0.05. Black bars at bottom
show calculated Bragg diffraction positions of LaOFeAs. Arrows denote
peaks due to impurity phases, FeAs (helimagnetic),13 and LaOF.
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Figure 1. (a) Crystal structure of LaOFeAs. (b) Powder XRD patterns of
undoped LaOFeAs and La[O1-xFx]FeAs: x ) 0.05. Black bars at bottom
show calculated Bragg diffraction positions of LaOFeAs. Arrows denote
peaks due to impurity phases, FeAs (helimagnetic),13 and LaOF.
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that the superconductivity is due to the F-doped LaOFeAs phase.
Further, Tc was not observed for Ca2+-doped samples, suggesting
that a critical factor for induction of superconductivity is electron
doping, and not hole doping. The inset in Figure 2b shows an
expanded graph of !mol-T, in which the vertical axis is magnified
103 times compared to that of Figure 2b. The !mol values of both
samples were ∼10-3 at room temperature, which are much larger
than those of the 3d electron based superconductors, e.g., ∼10-4
for La2-xSrxCuO4.15 The !mol value in the normal conducting (NC)
state that was enhanced by the F- ions, increased with lowering T,
exhibiting Curie-Weiss-like behavior.
Figure 3 summarizes Tanom, Tmin, and Tc as a function of F-

content, with the onset transition temperature (Tonset) in each sample
also shown. It is evident that F-doping induces the superconducting
phase in LaOFeAs and the highest Tc of ∼26 K (Tonset > 30 K) is
attained at the F- content of ∼11 atom %. On the other hand, Tmin,
which was significantly sensitive to sample preparation for the
undoped composition, tends to monotonically decrease with
increasing F- content up to ∼11 atom %, and it seems to merge
with Tc with further F-doping. Such variation appears to be
analogous to that of the spin gap in underdoped Cu based
superconductors.16 Further, Tanom observed in undoped LaOFeAs
and 3 atom % F-doped samples disappeared in the superconducting
samples, implying a relation with the occurrence of superconductiv-
ity, although its origin remains unclear at present. F-doping makes
the number (6) of Fe 3d electrons closer to that (7) of Co 3d
electrons in metallic LaOCoPn, which becomes ferromagnetic
below∼65 K,10 suggesting that the superconducting phase is located
close to the ferromagnetic phase. In summary, the electrical

conductivity and magnetization measurements demonstrate that the
F- ion-doped layered LaOFeAs is a bulk superconductor. Tc changes
with F- content, exhibiting a maximum Tc of∼26 K at a F- content
of ∼11 atom %. Further, the F-T curve in the normal conducting
state shows a minimum in the underdoped region. Although further
research is needed to examine origins of the Tanom, Tmin, and the
high Tc, the present results demonstrate that the layered oxypnictide,
LnOMPn is a promising new platform to realize high Tc super-
conductors.
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the sample. Inset shows expanded !mol-T curves at 103 times magnification
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Figure 3. Tc, Tonset, and Tmin in the F-T curves as a function of F- content
(x) for La[O1-xFx]FeAs. Tc is defined as the temperature where the F value
becomes half of that at Tonset. Tanom values for the undoped and LaO0.97F0.03-
FeAs are also shown. Dotted curves are guides for eyes.
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F- ion-doped layered LaOFeAs is a bulk superconductor. Tc changes
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Figure 2. (a) Electrical resistivity (F) versus temperature (T) for undoped
and La[O1-xFx]FeAs: x ) 0.04, 0.05, 0.11, and 0.12. Inset shows expanded
F-T curves for x ) 0.04, 0.05, 0.11, and 0.12. Arrows show onset transition
temperatures. (b) Molar susceptibility (!mol) versus T for undoped and La-
[O1-xFx]FeAs: x ) 0.05. The dotted line denotes perfect diamagnetism for
the sample. Inset shows expanded !mol-T curves at 103 times magnification
of the vertical axis. An arrow shows Tanom in part a.

Figure 3. Tc, Tonset, and Tmin in the F-T curves as a function of F- content
(x) for La[O1-xFx]FeAs. Tc is defined as the temperature where the F value
becomes half of that at Tonset. Tanom values for the undoped and LaO0.97F0.03-
FeAs are also shown. Dotted curves are guides for eyes.
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Iron based superconductors (IBSs): FeAs or FeCh tetrahedron
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Electronic structure: Multiband superconductors 

Density Functional Study of LaFeAsO1!xFx: A Low Carrier Density Superconductor
Near Itinerant Magnetism

D. J. Singh and M.-H. Du
Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114, USA

(Received 4 March 2008; published 12 June 2008)

Density functional studies of 26 K superconducting LaFeAs(O,F) are reported. We find a low carrier
density, high density of states, N"EF#, and modest phonon frequencies relative to Tc. The high N"EF#
leads to proximity to itinerant magnetism, with competing ferromagnetic and antiferromagnetic fluctua-
tions and the balance between these controlled by the doping level. Thus LaFeAs(O,F) is in a unique class
of high Tc superconductors: high N"EF# ionic metals near magnetism.

DOI: 10.1103/PhysRevLett.100.237003 PACS numbers: 74.25.Jb, 71.18.+y, 74.25.Kc, 74.70.Dd

Understanding the interplay between superconductivity
and spin fluctuations especially near magnetic phases is an
important challenge. The discovery of a new family of
layered superconductors containing the magnetic elements
Fe and Ni and critical temperatures up to Tc $ 26 K,
specifically LaOFeP (Tc $ 4 K, and %7 K with F doping)
[1,2], LaONiP (Tc $ 3 K) [3], and F doped LaOFeAs with
Tc $ 26 K (Ref. [4]), raises questions about the relation-
ship between magnetism and superconductivity, the origin
of the remarkably high Tc, and the chemical and structural
parameters that can be used to tune the properties. Here we
show that LaOFeAs is in fact close to magnetism, with
competing ferromagnetic and antiferromagnetic fluctua-
tions, with the balance controlled by doping. Further-
more, we identify La(O,F)FeAs as a nearly 2D, low carrier
density metal, with modest phonon frequencies relative to
Tc, and high density of states.

The crystal structure is layered with apparently distinct
LaO and transition metal pnictide layers (see, e.g.,
Ref. [4]). Importantly, it forms with a wide range of rare
earths and pnictogens, with the transition elements Mn, Fe,
Co, Ni, Cu, and Ru, and additionally, related fluorides and
chalcogenides are known [1–5]. It may be that there are
other superconducting compositions that remain to be dis-
covered in this family.

Our calculations were done using the local spin density
approximation (LSDA) and the generalized gradient ap-
proximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE) [6]. We used the linearized augmented plane wave
(LAPW) method with tested basis sets and zone samplings
for the electronic structure [7,8]. Two independent LAPW
codes were used—an in-house code and the WIEN2K pack-
age [9]. Transport properties were calculated using
BOLTZTRAP [10]. The phonon dispersions were obtained
in linear response via the quantum ESPRESSO code and
ultrasoft pseudopotentials with a cutoff energy of 50 Ry
and the PBE GGA. The codes were cross-checked by
comparing band structures and zone center Raman fre-
quencies. We used the experimental lattice parameters a $
4:035 52 !A, c $ 8:7393 !A, for LaFeAsO. The internal
coordinates were determined by local density approxima-

tion (LDA) energy minimization as zLa $ 0:1418 and
zAs $ 0:6326. The corresponding Raman modes have
mixed character and frequencies of 185 and 205 cm!1.
The corresponding ultrasoft pseudopotential values were
181 and 203 cm!1. The FeAs layers consist of a square
lattice sheet of Fe coordinated by As above and below the
plane to form face sharing FeAs4 tetrahedra. These are
squeezed along c (the As-Fe-As angles are 120.2& and
104.4&). The Fe-As distance is 2.327 Å. The Fe-Fe distance
is 2.854 Å, which is short enough for direct Fe-Fe hopping
to be important, while the As-As distances are 3.677 Å,
across the Fe layer, and a $ 4:036 !A, in plane.

The electronic density of states (DOS) and band struc-
ture are shown in Figs. 1 and 2. The band structure is
similar to that reported for LaFePO [11]. Near the Fermi
energy EF it is well described as coming from 2D metallic
sheets of Fe2' ions in an ionic matrix formed by the other
atoms. There is a group of 12 bands between !5:5 eV
(relative to EF) and !2:1 eV. These come from O p and
As p states, with the As p contribution concentrated above
!3:2 eV. These As derived bands are hybridized with the

FIG. 1 (color online). LDA density of states and projections
onto the LAPW spheres on a per formula unit both spins basis.
Note that much of the As p character will be outside the As
sphere, reducing their apparent weight.
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Fe 3d orbitals dominate the 
total DOS around EF

D. J. Singh and H.-M. Du, Phys. Rev. Lett. 100 237003 (2008).

to the Fe plane, we have studied the LaFeAsO system by
fixing the lattice parameters a and c at their experimental
values while varying the vertical position of As all the way
from the experimental value down to a position which is
very close to the one that P has in the LaFePO material !see
Table I". The results of this study are depicted in Fig. 4. We
see from this figure that the 2D pocket with dxy character in
the “experimental” LaFeAsO !upper panel" evolves into a
3D pocket with d3z2−r2 character as As is moved closer to the
plane !lowest panel". The circles in the plots indicate As
contribution !mainly As pz" to d3z2−r2. In a nutshell, one can
say that LaFeAsO evolves into LaFePO as the height of the
As to the Fe plane decreases.

V. ANALYSIS IN TERMS OF WANNIER FUNCTIONS

In Sec. IV we have noted that the low-energy band struc-
ture and most notably the topology of the Fermi surface de-
pend very sensitively on the internal structural parameter
z!As". Reducing z!As" amounts to decreasing the distance of
the As ions to the Fe plane and changing accordingly the
angle that the Fe-As bond forms with the Fe plane. In this
section, we obtain more direct insights into this sensitive
dependence by constructing Wannier functions, which reveal
the strong covalency and hybridization effects associated
with the Fe-As bond. We present calculations done at the
experimental structural parameters.

We have used two different types of Wannier construc-
tions. The first one is a maximally localized Wannier func-
tion construction !MLWF" !Ref. 23" based on an ultrasoft
pseudopotential approach as implemented in the PWSCF

code.21 The second one is the Nth-order muffin-tin orbital
!NMTO" method and downfolding technique,25 based on a
linear muffin-tin orbital !LMTO"–ASA approach.28 Previous
experience has shown29 that these two approaches give re-
sults that are quite comparable to each other.

A crucial issue is the choice of the energy range on which
the downfolding is performed, i.e., the set of Bloch bands
that the Wannier construction aims at reproducing. We shall
consider two possible choices: a restricted energy range cov-
ering roughly #−2, +2$ eV around the Fermi level, corre-
sponding to downfolding on the set of 2!5 bands with domi-
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Five Fe 3d bands across EF
→ Multiband superconductors

V. Vildosola et al., Phys. Rev. B 78 064518 (2008).

Fe3d orbitals play an important role for superconductivity

electronhole holeLaFeAsO LaFeAsO
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Mganetic phase diagrams of 122, 1111 and 11

BaFe2As2 (Ba122) system

T. Shibauchi et al., Annu. Rev. Condens. Matter Phys. 5 113 (2014).

566 J Supercond Nov Magn (2009) 22: 565–567

Fig. 1 Fluorine content in SmO1−xFxFeAs determined by WDX. The
measured values deviate from the theoretical line (red color online)

Fig. 2 Fluorine content in LaO1−xFxFeAs determined by WDX. The
measured values are in good agreement with the theoretical line (red
color online) except for x < 0.05 and x = 0.15

minimize the unknown absorption error of the low energy
radiation (of light elements), we normalized the fluorine
concentration cF on the oxygen concentration cO and used
the ratio cF/(cO + cF) for the comparison with the initial
value x.

2 Results

The samples consist mainly of the RO1−xFxFeAs phase;
only small amounts of secondary phases like ROyFz and
FeAs were found. The determined fluorine concentrations
in the main phase of SmO1−xFxFeAs and LaO1−xFxFeAs
are plotted in Figs. 1 and 2, respectively.

For the samarium compound, we found a large devia-
tion of the measured fluorine concentrations from the initial
weight. Only less than the half of the initially weighed fluo-

Fig. 3 Electronic phase diagram of SmO1−xFxFeAs using the nom-
inal (small symbols, thin line) and measured (bold symbols and lines,
colored online) fluorine content using resistivity data from [5]

Fig. 4 Electronic phase diagram of LaO1−xFxFeAs from [6]. Only
the deviant fluorine values at x < 0.05 (bold symbols and line, colored
online) are added

rine was incorporated in the main phase. The lack of fluorine
in the main phase can be caused by fluorine incorporation in
the fluorine rich secondary ROyFz phase, by the formation
of volatile components, or by absorption from the envelop-
ing material. Although the reason is still unclear, we found
some conditions which support or prevent fluorine incorpo-
ration. Using different grinding procedures for the Gd com-
pound with the nominal composition GdO0.83F0.17FeAs, it
turned out that a fine-grained powder has better potential for
fluorine incorporation. On the other hand, fluorine absorp-
tion is suppressed in the required phase by any oversupply
of oxygen.

In the lanthanum compound, the measured fluorine val-
ues are in better agreement with the theoretical ones. But
a substantial deviation is seen at x < 0.05. The point at
x = 0.03, which corresponds to the initial value, originates

LaFeAsO1-xFx

A. Köhler et al., J. Supercond. Nov. Magn. 
22 565 (2009).

together with magnetic ordering, which lifts the degeneracy between dxz and dyz orbitals (19, 21).
Such an orbital-ordered state has been suggested to be important to understand not only the
magnetism (14, 15, 27, 40) but also the transport properties (16, 22, 23, 26, 28).

3.3. Superconductivity

High-temperature superconductivity develops when the parent AFM/orthorhombic phase is
suppressed, typically by the introduction of dopant atoms. In most of the iron-based compounds,
the magnetic and structural transition temperatures split with doping (6, 7). The hole doping is
achieved by substitution of Ba2þ by K1þ in (Ba1"xKx)Fe2As2, and electron doping is achieved by
substitution of Fe by Co in Ba(Fe1"xCox)2As2 or Ni in Ba(Fe1"xNix)2As2. High-Tc supercon-
ductivity appears even for the isovalent doping with phosphorous in BaFe2(As1"xPx)2 or ru-
thenium in Ba(Fe1"xRux)2As2. The magnetic and superconducting phase diagrams of the
BaFe2As2-based systems are shown in Figure 4. In the hole doped (Ba1"xKx)Fe2A2, the structural/
magnetic phase transition crosses the superconducting dome atx∼0:3, and amaximumTcof 38K
appears at x @ 0:45. Upon hole doping, the hole pocket expands and the electron pocket shrinks
and disappears at x∼ 0:6 (78) or x> 0.7 (79). The superconductivity is observed even at the hole-
doped end material (x¼ 1) KFe2As2, which corresponds to 0.5 holes per Fe atom. In the electron-
doped Ba(Fe1"xCox)2As2, the maximum Tc of 22 K appears at x ¼ 0.07. In contrast to the hole-
doped case, superconductivity vanishes at only 0.15 electrons per Fe atom (althoughnote that each

x [Co]

x [P]

x [K]

Nodeless

Nodeless

0.2
0.2

0.2

20

40

60

80

100

120

140

0

0.4

0.6

0.8

0.4 0.6 0.8 1.0

1.0

0.1
Nodal

Nodal

Tc

TN

Electron-doping
Ba(Fe1–xCox)2As2

Hole-doping
(Ba1–xKx)Fe2As2

Isovalent substitution
BaFe2(As1–xPx)2

T (K)

Figure 4

Magnetic and superconducting phase diagram of BaFe2As2-based materials. Superconductivity emerges
when the AFM order is suppressed via either (right) hole doping in (Ba1"xKx)Fe2As2, (left) electron
doping in Ba(Fe1"xCox)2As2, or (bottom) isovalent substitution in BaFe2(As1"xPx)2. In the P-substituted
system and in the overdoped region of a K-doped system, the superconducting gap has line nodes.
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TABLE II. Superconducting transition temperature T onset
c , Tc,

structural transition temperature Ts, resistivity ρ at 290 K, ρres, and
RRR for FeSe1−xTex single crystals (x = 0–0.61).

x T onset
c Tc Ts ρ(290 K) ρres RRR

(%) (K) (K) (K) (m" cm) (m" cm)

0 10.0 8.3 ∼88 0.48 2.73 × 10−2 17.6
0.04 9.3 8.1 ∼80 0.60 4.92 × 10−2 12.2
0.19 7.5 5.6 ∼53 0.91 0.16 5.7
0.30 10.2 7.2 ∼44 0.56 7.67 × 10−2 7.3
0.41 11.2 9.1 ∼30 0.59 0.19 3.1
0.61 15.0 14.0 0.41 0.27 1.5

respective dR/dT curve for each x. As shown in Fig. 3(a),
Ts decreases systematically with increasing x. This feature
was not reported in thin films [21] and in the phase-separated
polycrystalline samples of FeSe1−xTex [18–20].

The above-mentioned T onset
c , Tc, Ts, ρ(290 K), ρres ≡

ρ(T onset
c ), and RRR ≡ ρ(290K )/ρ(T onset

c ) values are sum-
marized in Table II. Except at x = 0.19, the RRR decreases
monotonically with increasing x. The low RRR value (∼1.5)
of the sample with x = 0.60 is comparable to previously
reported data [14–16,28]; however, this concentration exhibits
an optimal value of Tc. It is also noted that the higher ρ(290 K)
and ρres values and hence the lower RRR value of the sample
with x = 0.19 may be due to its poorer crystallinity than those
of the other samples. This plausible explanation is consistent
with the XRD data shown in Fig. 2, in which the two Cu Kα
peaks were not resolvable for that sample.

According to the above experimental data, we made a
superconducting phase diagram of the FeSe1−xTex system, as
shown in Fig. 4. In 0 ≤ x ≤ 0.61, Ts and Tc were obtained
from our resistivity measurement, while in 0.6 ≤ x ≤ 1, Tc and
the AFM transition temperature TN, determined by magnetic
susceptibility measurements, were taken from the literature
[16]. The Te substitution level x was determined by the EPMA
method as described above.

Interestingly, Tc exhibits a broad minimum around x ∼
0.2 and a broad maximum in the range x = 0.5–0.7. In
addition, Ts of FeSe1−xTex decreases monotonically, almost
linearly within the error, with increasing x, indicating sup-
pression of the structural transition by the Te substitution.
Since Tc attains its maximum value after Ts is fully suppressed,
these two transitions appear to compete with one another. A
broad minimum of Tc around x ∼ 0.2 may be attributed to
the effect of sample disorder, as discussed by Böhmer et al.
[17] According to their study, the reduction of both Tc and Ts
correlates with decreasing RRR values, which are related to
the disorder of the samples. This feature is probably reflected
in the small x region.

Similar features between Tc and Ts are also reported in the
pressure vs Tc phase diagram of FeSe [7] and the S substitution
effects [12]. In the case of FeSe under pressure, at first Tc is
enhanced to ∼13 K with pressure up to around 8 kbar; then
Tc shows a broad minimum at around 12 kbar, after which
Tc increases up to around 20 K with increasing pressure up
to 25 kbar. Ts of FeSe becomes small almost linearly with
increasing pressure up to 20 kbar. The maximum Tc of FeSe

FIG. 4. Temperature phase diagram of FeSe1−xTex single crys-
tals as a function of x. The red solid circles and the green solid
squares represents Tc and Ts, respectively. Those values are deduced
from our resistivity measurements. The green dashed line is a least-
squares fit to the Ts(x) data. On the other hand, red open circles for
Tc and a brown open square for TN are values taken from a previous
report [16]. Vertical bars of Tc denote the onset of the transition
temperature, and horizontal bars denote the standard deviation of x
estimated by EPMA. Tc values for thin films [21] are plotted by the
open black circles with a dashed curve that is an eye guide.

under pressure appears to occur at the pressure at which Ts is
first fully suppressed.

Thus, for FeSe, both Tc and Ts are modified by a positive
pressure. Our Te substitution studies correspond to a negative
pressure due to the expansion of the c-axis lattice constant,
consistent with the ionic radius expansion and as shown in
Fig. 2(b). Thus, the observed behaviors show similarities
between the two systems. These results strongly suggest that
the reduction of the orthorhombic distortion plays a key role
in the enhancement of Tc.

In order to study further this phase diagram, we compared
our data obtained from bulk single crystals with those ob-
tained from thin films. We first provide a brief explanation of
the phase diagram. Tc of the FeSe thin film at x = 0 is about
12 K, which is slightly higher than that of our bulk sample. Tc
is suddenly enhanced around x = 0.1 to 0.2; then a maximum
Tc of 23 K is observed at x = 0.2. Basically, Tc decreases with
increasing x up to x = 0.9. These features are also displayed
in Fig. 4. According to the explanation of the authors who
studied the thin films, decreasing Tc above x = 0.2 can be
understood from the bond angle between the chalcogen and
Fe and the anion height above the iron plane.

Next, we discuss the phase diagram as it relates to the
c-axis lattice constant. Our data for the x concentration de-
pendence of the c-axis lattice constants are very similar to
those for the thin films. The lattice constant of the c axis in
both systems shows almost a linear increase with increasing
Te composition x. However, at x = 0.2, Tc of the thin film
has its maximum value of 23 K, whereas the bulk crystal
shows its minimum Tc of 5.6 K. This difference cannot be
understood from the modification of the c-axis lattice constant

224516-5

FeSe1-xTex

K. Terao et al., Phys. Rev. B. 100
224516 (2019).

ØAFM is suppressed by doping

ØPresence of the SC domes

ØDirect doping to the FeAs layer is 
not harmful to SC (c.f. Cuprates) 
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Figure 2. Resistive transitions R(T) measured in static magnetic fields up to 35 T for both major 
directions H c (left) and H ab (right). (a) linear representation. The broken lines indicate criteria for 
determining the upper critical field (95%) and irreversibility field (1%), respectively. (b) Arrhenius plots.

Figure 3. Temperature dependence of the upper critical field Hc2. It was determined with a criterion of 
95% Rn of resistance curves in pulsed (HZDR and IFW) and static magnetic fields (NHMFL). The dashed 
lines are fits near T c with single-band orbital limitation. H abc2 shows clear indication of paramagnetic 
limitation, H cc2 of two-band behavior, which can reasonably be fitted both in the dirty (a) and the clean 
limit (b). Insets: Temperature dependence of the respective Hc2 anisotropies γHc2.

J. Hänisch et al., Sci. Rep. 5 17363 (2015).

11

Fe(Se,Te)

C. TARANTINI et al. PHYSICAL REVIEW B 84, 184522 (2011)

(a)

(b)

(c)

(d)

ab

ab

ab

ab

FIG. 5. (Color online) (a) and (b) Hc2(T ) curves for two strained FeSe1−xTex thin films with similar Tc measured in the 45-T DC magnet
(triangles) and in the 60-T pulsed magnet (circles) (full and empty symbols represent H//ab and H//c, respectively). The black solid curves
correspond to Hc2 fits, and the red solid curves correspond to the Q vector of the FFLO state. The blue dashed line in (b) shows Hc2(T )
calculated without taking FFLO instability into account. Fit parameters are α = 1.2 and η = 0.9 for H//c and αε−1/2 = 7 for H//ab. Here, Q is
measured in the units of Q0 = 4πkBTc/h̄v1ε

3/4. (c) Superconducting transitions at low fields (H//ab) of a FeSe1−xTex film and a magnification
close to 90% of the normal state resistivity. (d) For the same sample, the detailed Hc2 data close to Tc show the extremely high slope for H//ab.
Here, the continuous lines show Hc2(T ) ∝ (Tc − T )1/2, indicating complete suppression of orbital pair breaking.

of H⊥
c2(T ) for strongly underdoped Ba-3 corresponds to the s±

pairing for η = 0.01 and α = 0.02. Here, paramagnetic effects
are negligible in band 1, where α1 ≈ α ≪ 1, but are essential
in band 2, where α2 ≈ α/η = 2. For H//ab, the change in
the curvature of H

//
c2 (T ) in Fig. 3 is attributed to strong mass

anisotropy ε ≈ 0.02, which increases α → αε−1/2 and flattens
H

//
c2 (T ) at low T . For Ba-1 and Ba-2, H⊥

c2(T ) can be described
assuming a moderate band asymmetry for the parameters given
in the Fig. 3 caption. The fitting curves Hc2(T ) for the optimally
doped Ba-1 at low temperatures extrapolate to ∼100 T above
the upper limit of our high-field measurements. The fits suggest
the appearance of the FFLO state below 10K for the optimally
doped Ba-1 sample at H//ab.

The shapes of Hc2(T ) for FeSe1−xTex films shown in
Fig. 5 indicate strong Pauli pair breaking consistent with the
previous measurements.8,10 The fits correspond to α⊥ = 1.2
for H⊥ab and α// = α⊥ε−1/2 = 7 and ε ≈ 0.03 for H//ab,
for which theory suggests FFLO instability below 3K–9K,
where the FFLO wave vector Q(T ) appears spontaneously, as
shown in Fig. 5. The principal importance of FFLO instability
for the interpretation of our experimental data is particularly
evident in the case of H//ab. Here, Hc2(T ) calculated without
FFLO instability (dashed line in Fig. 5) is inconsistent with
the observed Hc2(T ), which exhibits a very steep rise near
Tc, indicative of α ≫ 1 and a nearly linear temperature
dependence at low T . By contrast, taking FFLO instability
into account in Eqs. (1)–(3) enables us to explain the shapes
of the H

//
c2 (T ) curves observed on our FeSe1−xTex films, as

shown in Fig. 5 (solid line). The conclusion about strong Pauli
pair breaking and FFLO instability at H//ab is consistent with
the parameters of FeSe1−xTex extracted from ARPES,27 which
yields EF ≈ 20–30 meV and mab/me = 3–16 for different FS
pockets, giving α ≈ 0.5–4 for H⊥ab. Next we use the orbitally
limited slope Hc2

′ near Tc in the two-band model12

Hc2
′ = 24πk2

BTcφ0

7ζ (3)h̄2(c1v
2
1 + c2v

2
2

) , (4)

where ζ (3) = 1.202 and c1 and c2 depend on inter- and
intraband coupling constants.12 For the s± model in which
interband pairing dominates, c1 → c2 → 1/2 and Eq. (3)
yields Hc2

′ [T/K] = 1.8Tc[K]mab/{me(1+η)EF1 [meV]}. The
observed slope Hc2

′ ≈ 8 T/K corresponds to mab/me ≈ 12
for Tc = 18K, EF = 25 meV, and η = 1 or mab/me ≈ 6
if η ≪ 1. Again, these values of mab/me are qualitatively
consistent with the ARPES data.27 Small EF and large mab in
FeSe1−xTex thus yield α > 1 even for H//c, so the FFLO state for
H//ab is a realistic possibility that may be explicitly verified by
magnetic torque, specific heat, or nuclear magnetic resonance
(NMR) measurements. The very short Ginzburg-Landau (GL)
coherence lengths ξab = (φ0/2πTcHc2

′)1/2 ≈ 1.5 nm for Hc2
′ =

8.1 T/K (H⊥ab) and ξc = ξabH
//
c2 /H⊥

c2 < 0.12 nm for Hc2
′ >

100 T/K (H//ab) extracted from the data in Fig. 5 show that
our FeSe1−xTex films are indeed in the clean limit.

The multiband structure of FBSs allows tuning of Hc2(T )
by small shifts of the Fermi level, which changes the Fermi
velocities and can open small FS pockets that enhance

184522-4

C. Tarantini et al., Phys. Rev. B 84 184522 (2011).

1111

LnFeAs(O,F or H)
[Ln=Nd, Sm,…]

AeFe2As2
[Ae=Ca, Ba,...]

K. Hanzawa et al., Phys. Rev. Materials  6 L111801 (2022).

• Large Hc2 over 50 T at low T even H||c

• Low anisotropyCo: Ba-122
thin film

Fe(Se,Te)
thin film

High upper critical field, Hc2, and low anisotropy

11 122 1111
𝛾!"# 1-2 1-2 1-5
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Comparison between cuprates and IBSs

Cuprates IBSs
Degree of freedom in 
material design high (many compounds) high (many compounds)

Parent compound Mott insulator AFM bad metal

Gap symmetry d-wave, single band extended s-wave (s± or s++),
5 bands

Doping Hole: Tc=154 Ki)
Electron: Tc=30 Kii)

Hole: Tc=38 Kiii), isovalent: Tc=31 Kiv)
Electron: Tc=55 Kv), 65 Kvi)

Hc2 anisotropy ~5: RE-123
~150: Bi-2223

1~2: 11 and 122
1~5: Ln-1111

Pairing mechanism spin fluctuations? spin fluctuations?
orbital fluctuations?

i) HgBa2Ca2Cu3O8+d w/pressure
ii) La1-xCexCuO4

iii) Ba0.6K0.4Fe2As2
iv) BaFe2(As0.66P0.33)2

v) LnFeAs(O,F) (Ln=Nd, Sm)
vi) FeSe monolayer
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Overview

1. Iron-based superconductors (IBSs)

• Physical properties

2. Tuning of the superconducting properties
• SC transition temperature (strain, monolayer, intercalation, EDLT)

• Grain boundary, GB
• Critical current density (natural defects, APC, thermodynamic approach)

3. Progress Toward applications

• Use of IBS wires and bulks in magnets, and perspective
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A significant jump of Tc by pressure

the onset Tc decreases sharply with further increase in pressure above
3 GPa, as measured using a diamond anvil cell, although zero resis-
tance was not clearly observed in the high-pressure measurements
(Fig. 2c). The failure to observe zero resistance is caused by there

being a distribution in the non-hydrostatic compressive stress as a
result of the use of a solid pressure-transmitting medium. Figure 2d
summarizes the onset Tc values in the P–T phase diagram of
LaO0.89F0.11FeAs. Note that Tc increases steeply as the pressure
increases from 1 to 2 GPa, where d(ln Tc)/dP is more than 20% per
GPa, and then decreases sharply with a further increase in pressure
above ,4 GPa: the maximum Tc of 43 K is observed at ,4 GPa. The
initial increase is much steeper than that observed in high-Tc super-
conductors, for which the d(ln Tc)/dP values are less than 10% per
GPa. It is noteworthy that the small resistance loss caused by super-
conductivity was observed at around 50 K in 4-GPa data (Fig. 2c).

Figure 3 shows the r–T curves for several pressures for the lightly
doped compound LaO0.95F0.05FeAs, which we consider to be an
under-doped superconductor, judging from the existence of a resis-
tivity minimum (at Tmin < 60 K) considerably greater than Tc in the
r–T curves. The value of Tmin decreases continuously with increasing
pressure and is zero above P 5 1 GPa, whereas Tc increases gradually
with increasing pressure, at a rate of 1.0–2.0 K per GPa (or 3–7% per
GPa) in the pressure range 0–3 GPa (Fig. 3 inset). We note that the
pressure dependence of Tc in the under-doped sample is quite dif-
ferent from that in the optimally doped compound LaO0.89F0.11FeAs.

Various types of pressure effect on the Tcs of copper-based high-Tc

superconductors have been reported10. X-ray and neutron diffraction
measurements in copper-based superconductors under high pres-
sure have shown that the crystallographic direction normal to the
CuO2 layer is more compressible than the direction parallel to the
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Figure 2 | Superconducting properties in LaO0.89F0.11FeAs under high
pressure. a, Temperature dependence of the electrical resistivity below
3 GPa, using the piston–cylinder device. The onset Tc and midpoint Tc values
are determined as described in the text. b, Temperature dependence of the
normalized magnetization M/M40K below 1.1 GPa, using a CuBe
piston–cylinder device. The magnetization data were obtained by measuring
both the sample and the pressure cell. In these measurements, the
magnetization of the pressure cell was not subtracted. The pressure
dependence of Tc is shown in the inset, in which the rate of increase of Tc is
similar to that in the resistivity measurements. c, Temperature dependence

of the electrical resistance above 3 GPa, using the diamond anvil cell. The
onset Tc is determined in the same manner as in a (see the text). We find the
maximum Tc of 43 K at 4 GPa, with a decrease to Tc 5 9 K at 30 GPa. The
superconducting transition is clearly observed in each measurement,
although zero resistance is not observed in our measurements down to 4 K.
d, Superconducting phase diagram of LaO0.89F0.11FeAs. Tc is defined at the
onset of the transition. Run one (open triangles) shows the electrical
resistivity measurements with hydrostatic condition. Run two (filled
triangles) is a run using the diamond anvil cell with NaCl as the pressure-
transmitting medium. The solid curve is a guide for the eye.
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FIG. 1: (Color online) (a,b) Resistance against temperature
for FeSe at several applied pressures. (c), (d) Final observed
(red circles) and calculated (blue solid line) synchrotron X-
ray (λ = 0.41118 Å) powder diffraction profiles at 16 K for
the FeSe sample at (c) 0.25 GPa and (d) 9.0 GPa. The lower
green solid lines show the difference profiles and the tick marks
show the reflection positions of the α (upper) and β (lower)
phases, respectively.

low temperature are used to discuss the pressure depen-
dence of Tc. The high-pressure synchrotron X-ray diffrac-
tion experiments at 16 K were performed at beamline
BL10XU, SPring-8. The powder sample was loaded in a
membrane DAC, which was placed inside a closed-cycle
helium refrigerator. DaphneTM oil was used as a pres-
sure medium. The applied pressure measured with the
ruby fluorescence method was increased at 16 K without
dismounting the cell from the cryostat. The diffraction
patterns (λ = 0.41118 Å) were collected using a flat im-
age plate detector up to 12.8 GPa. Data analysis of the
diffraction profiles was performed with the GSAS suite
of Rietveld programs.

Fig. 1a shows the temperature dependence of the resis-
tance of the FeSe sample at various pressures. Supercon-
ductivity was observed below 13.4 K with a fairly sharp
onset. Tc is found to increase initially rapidly upon ap-
plication of pressure with an accompanying increase in
width and reaches a broad maximum of 37 K at 6.6 GPa
− for binary solids, this high-Tc is only surpassed by
Cs3C60 (38 K)23 and MgB2 (39 K).24 In a second experi-
ment, P was increased first directly to 7.6 GPa and then
to 13.9 GPa where the onset Tc is smaller at 6 K (Fig.
1b). Pressure release to near ambient and subsequent
pressurization to 9.7 GPa resulted in smaller values of Tc

− this may be related to the irreversibility of the α→β
structural transformation (vide infra) (Fig. 2d).

Inspection of the diffraction profile25 at 16 K and 0.25
GPa (Fig. 1c) readily reveals the orthorhombic (O) unit
cell (space group Cmma) established for α-FeSe below
70 K at ambient P .8 Additional peaks are also evident
and these can be accounted for by the presence of a mi-
nority hexagonal NiAs-type β-FeSe phase (32.4(1)% frac-
tion). The diffraction datasets collected with increasing

FIG. 2: (Color online) Pressure dependence of: (a) the or-
thorhombic lattice constants a (circles), b (diamonds), and c
(squares), (b) the unit cell volume, V , (c) the [2c/(a+b)] ra-
tio, and (d) the superconducting transition temperature, Tc

of α-FeSe. The solid lines through the data points to 7.5 GPa
in (a) and (b) are least-squares fits to the Birch-Murnaghan
equation-of-state, while the dotted lines are guides to the eye.

P show no structural changes for α-FeSe between 0.25
and 7.5 GPa with the α/β−phase assemblage remain-
ing unaltered.25 The same structural model was there-
fore employed in the Rietveld refinements in this pres-
sure range, revealing a monotonic decrease in the lattice
constants and unit cell volume with increasing P (Fig.
2a,b). However, the response of the lattice metrics to P is
strongly anisotropic with the interlayer spacing showing
a significantly larger contraction than the intralayer di-
mensions. As P increases, 2c/(a+b) smoothly decreases
until at ∼4 GPa, it approaches 1. Further increase in P
leads to an even higher compression of the FeSe inter-
layer spacing (Fig. 2c) with [2c/(a+b)] = 0.986(2) at 7.5
GPa. However, as the sample is pressed to 9.0 GPa (Fig.
1d), the α-phase fraction begins to decrease and then it
sharply collapses with an almost complete α→β transfor-
mation taking place.25 At the same time, while the basal
plane lattice constants continue to contract, c begins to
increase, resulting in saturation of the volume response
to pressure and an increasing 2c/(a+b) ratio (Fig. 2a-c).
Gradual depressurization to ∼2 GPa does not lead to re-
covery of the orthorhombic α polymorph, implying that
the α→β phase transformation is irreversible at these low
temperatures. Recovery of α-FeSe (53% fraction) at this
P necessitated heating of the sample inside the MDAC
to 300 K.26

Fig. 2b shows the pressure evolution of the unit cell
volume of α-FeSe together with a least-squares fit of its
16 K equation-of-state (EOS) to the semi-empirical third-
order Birch-Murnaghan equation.27 The fit results in val-
ues of the atmospheric pressure isothermal bulk modu-
lus, K0= 30.7(1.1) GPa and its pressure derivative, K

′

0=

S. Margadonna et al., PRB 80 064506 (2009).

H. Takahashi et al., Nature 453 376 (2008).

pressure. This behavior is in sharp contrast to previous
results, in which finite resistivity persists down to very low
temperatures (no zero resistivity has ever been realized at
high pressures). It is also noted that the difference between
Tc onset and Tc peak is !6K in our case, which is much
smaller than !15K in previous studies.

Figure 3(a) indicates the monotonic and steady increase
in Tc0 (also Tc onset and Tc peak) up to P ¼ 15GPa. Below
5GPa, Tc increases linearly with P. The slope, dTc0=dP, is
+2.5K/GPa, which is one of the largest values among the
existing copper-oxide superconductors10) and is consistent
with the previous results.3,4,10,11) (For comparison, the results
from the magnetization measurements of the Hg-1223
polycrystal11) are also plotted as red triangles.) At higher
pressures (P > 10GPa), Tc continues to increase with the
dTc0=dP ratio of 1K/GPa. The behavior is distinct from
previous results that indicate the saturation of Tc at high
pressure. The difference may be due to the inhomogeneity of
the pressure/sample in previous studies, which obscures the
superconducting transitions, particularly at high P’s. In this
study, such inhomogeneity is safely excluded.

Persistent increase in Tc is exceptional even among the
copper-oxide superconductors.10) For example, in the case of
the double-layered, apical fluorine cuprate Ba2CaCu2O4-
(O,F)2 (F-0212),12) Tc0 saturates above 14GPa. The results
for Hg-1223 suggest that one can further increase Tc0 by
applying higher pressures.

The microscopic origin of Tc enhancement is not clear at
this moment. The possible origins are (1) a change in the
effective carrier number owing to the redistribution of holes
between outer and inner CuO2 planes

13) and (2) a change in
the hybridization within CuO2 planes and/or that between
CuO2 planes and apical oxygen atoms.14) Quantitative

discussion can be made once the P-dependence of the
crystal structures, including the atomic positions, are
determined. Comparatively high-P studies of Hg-1201 and
Hg-1212 are also helpful to sort out whether the charge
transfer between the outer and inner CuO2 planes is
responsible for the enhancement in Tc. Well-characterized
Hg-1201 and Hg-1212 samples are required to carry out such
experiments.

As stated, Tc0 of the present sample is 130K, which is
slightly lower than the optimal value of 135K,2–4,10)

implying that the present sample is slightly underdoped.
The systematic investigation of the doping dependence of
Tc0 at high pressures is an intriguing issue.

In summary, the electrical resistivity of a well-character-
ized, dense, and homogeneous Hg-1223 polycrystalline
sample was measured at high pressures up to 15GPa. We
determined the Tc values under high pressures unambigu-
ously, and established the ‘‘real’’ P–Tc phase diagram. At the
highest pressure of 15GPa, zero resistivity persists up to
153K, which is the highest Tc record obtained so far. We
show that Tc0 continues to increase with P up to 15GPa,
suggesting that further enhancement in Tc is still possible by
applying higher pressure. The precise P–Tc diagram will
allow us to quantitatively analyze the enhancement of Tc in
Hg-1223.
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high sample quality and the highest Tc in this compound; this is
the only reported high Tc with consistent resistivity and
susceptibility transitions. The lattice-parameter dependence of
Tc for the REFeAsO0.85 superconductor with different rare-earth
elements is plotted in Figure 5a. The superconducting phase
diagram versus the lattice parameter for the NdFeAsO1!d
compound with varying oxygen content is plotted in Figure 5b,
which reveals the sharp emergence of the superconducting phase
from the SDWground state with a dome-shaped appearance. The
oxygen-vacancy content that gives the highest Tc in the
NdFeAsO1!d compound was determined to be 0.15 by refinement
of neutron diffraction results, which is the same as the nominal
experimental value in NdFeAsO0.85;

[105] this value was used as a
reference for the preparation of other superconductors, e.g., for
the high-Tc superconductor SmFeAsO0.85.

After realization of the high-Tc compounds, numerous experi-
mental and theoretical efforts were focused on studying their
superconducting properties and understanding the electron-
pairing symmetry. For the F-doped LaFeAsO1!xFx compound,
high-field measurements indicated a two-band nature;[106] NMR
measurements revealed unconventional superconductivity with
a line-node gap structure and pseudogap behavior (around
"172K), which is reminiscent of that of cuprates in the
underdoped regime;[107–109] spin-singlet pairing with a multiple
gap structure was observed in a PrFeAsO0.89F0.11 sample.[110]

With the successful growth of single crystals of 122-type

compounds, high-resolution angle-resolved photoelectron spec-
troscopy experiments have revealed two superconducting gaps in
the Ba0.6K0.4Fe2As2 superconductor; both gaps are nodeless and
nearly isotropic, whichmay represent an s-wave symmetry.[111,112]

Because of the absence of large 1111-type single crystals,
experimental results contradict each other and, until now, it
has been unclear whether the 1111- and 122-types (and others)
have the same superconducting order parameter symmetry. A
very recent experiment using a scanning SQUID (SQUID:
superconducting quantum interference device) measurement
revealed a half-integer flux-quantum in the NdFeAsO0.88F0.12
superconductor, which means a p-phase shift of the super-
conducting order parameter and suggests a sign-reversal s-wave
superconducting pairing.[113]

Although this iron-based family crystallizes in layered
structures, the interlayer coupling seems large and the
experimentally determined anisotropy is low, unlike the very
high anisotropy and very short coherence length in cuprate
superconductors. A recent report on electrical measurements
under magnetic high fields of up to 60 T in a single crystal of
(Ba1!xKx)Fe2As2 revealed the near isotropic superconducting
properties and a very small anisotropy parameter, g , of ca. 1.5,[114]

with the 1111-type superconductors reported to have slightly
larger values of g (ca. 5).[115] For the upper critical field, Hc2, a
high value of above 300 T was reported in a NdFeAsO0.82F0.18
superconductor.[115,116] Another important parameter for prac-
tical superconductors is their critical current density, Jc, which

Figure 4. The temperature dependence of magnetic susceptibility and
resistivity for the 55 K superconductor, SmFeAsO0.85.

Figure 5. a) The lattice-parameter dependence of Tc for the REFeAsO0.85

superconductors with varying RE. b) Lattice-parameter dependence of Tc
for the NdFeAsO1!d compounds with varying oxygen content.

Figure 3. The temperature dependence of resistivity for some typical
1111-type oxygen-deficient superconductors.
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Ø Isotropic pressure enhances Tc

ØChemical pressure also enhances Tc

30 K ->55 K
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Pressure & strain induced superconductivity in Ba122
Ba-122 thickness decreases from 20 nm to 7 nm. The 3.5-
nm-layer-thickness superlattice did not reach zero resistance
above 2 K, likely due to localization of Cooper pairs or scat-
tering from the interface (36–38) (SI Appendix, section 7).

Fig. 4B shows the temperature-dependent resistivity of Ba-
1227nm/STO14nm superlattice in various magnetic field strengths
perpendicular to the film surface. It shows a resistive broadening
and a lowering of the superconducting transition with increasing
magnetic field. However, the current−voltage characteristics in
all of the superlattice samples were nonlinear, even under high
magnetic fields (SI Appendix, section 7), indicating that vortices
are strongly pinned in the Ba-122 layer (Fig. 4 B, Inset), different
from weak pinning in other low-dimensional superconductors
(39). A zero-field-cooled magnetization Tc was measured to
show clear diamagnetic signal by superconducting quantum in-
terference device magnetometer measurements (SI Appendix,
section 7). The chemical homogeneity of the undoped BaFe2As2
layers, and the uniformity of structural changes controlled by the
SrTiO3 layers, make nonuniform phenomena such as filamentary
superconductivity unlikely.
Fig. 5 shows the temperature−thickness phase diagram of the

parent Ba-122 in the superlattice system obtained from our ex-
perimental data. Structural (Ts) and magnetic (Tn) phase tran-
sition temperatures and superconducting critical temperature
(Tc) are shown. Note that Ts was extracted from the bifurcation
point of the in-plane lattice constants measured by synchrotron
XRD, and Tn was extracted from the maximum in the first de-
rivative of the resistivity with respect to temperature (SI Ap-
pendix, section 6). The structural transition does not exhibit a
first-order phase transition that is found in Ba-122 single crystals
(26, 32, 33), and Tn deviates considerably from Ts, similar to the
effects of electron doping. As the Ba-122 thickness decreases to
lower dimensions, both Ts and Tn decrease, indicating a sup-
pression of both nematic and magnetic ordering due to biaxial
strain. While Ts and Tn decrease, Tc increases because the bro-
ken symmetry phase, which maintains magnetic ordering and
competes with superconductivity, diminishes.
The atomic engineering demonstrated here enables precise

control of the FeAs4 tetrahedral geometry, and provides a plat-
form to understand the connection between local structure and
superconductivity. Reduction of the Ba-122 layer thickness ma-
nipulates the tetrahedra via systematic control of tetragonal and
orthorhombic structures, and results in an enhanced super-
conducting Tc. We believe that the superlattice approach pro-
vides a pathway to overcome the limited ability to Tc control in

the ultrathin films of the Fe-based superconductors (2, 40).
Furthermore, this study will open up opportunities to study low-
dimensional superconductivity and to explore phenomena in Fe-
based superconductors.

Materials and Methods
Epitaxial Growth. Epitaxial Ba-122/STO superlattices (SI Appendix, sections 1
and 3) were grown on (001) CaF2 single-crystal substrates by pulsed laser
deposition with a KrF (248 nm) ultraviolet excimer laser at 740 °C. The base
pressure before the deposition was 3 × 10−5 Pa, and the deposition took
place at 3 × 10−4 Pa because of the degassing of the heater. Temperature-
dependent in-plane lattice change of the Ba-122 is driven by the thermal
expansion coefficient (CTE) of CaF2 substrate (SI Appendix, section 5). We
found that fluoride substrates with higher CTE are more effective to provide
compressive biaxial strain, rather than oxide substrates. Note that the CTE of
CaF2 is 1.9 × 10−5/K at 300 K, higher than that of Ba-122 with 1.0 × 10−6/K.

STEM HAADF and EDX Experiments. Atomic-resolution STEM HAADF experi-
ments were carried out on a double aberration-corrector transmission
electron microscope, which was operated at 300 kV and has a resolution of
∼0.6 Å. A series of STEM HAADF images were obtained at a resolution of
1,024 × 1,024 pixels, with a dwell time for each pixel of ∼0.5 μs. Then the
acquired images were summed by removing the drift between each image
using the cross-correlation method. EDX spectra were acquired by Super-X
detectors and processed in software Velox.

Synchrotron X-Ray Techniques. High-resolution XRD and resonant X-ray
scattering were carried out at beamline 6-ID-B of the Advanced Photon
Source (APS) at Argonne National Laboratory. Although the film might have
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2. The relationship between crystallographic structure and tetrahedral coordination
Both tetragonal and orthorhombic structures need to be controlled in the presence of the tetragonal-
to-orthorhombic transition, and Ba-122 dimension tuning allows control of both enabling a regular
tetrahedron. The reduction of the Ba-122 dimension elongates the tetragonal structure along the c
axis, while higher compressive strain and stronger clamping reduce the orthorhombicity (Figure
S3a). Those structural changes can drive bond angles α, β, and γ equivalent (Figure S3b) and then 
the regular tetrahedron is successfully achieved.

Fig. S3. The control of crystal structure and tetrahedral geometry by superlattice design. (a) Ba-
122/STO superlattice design for manipulating tetragonal/orthorhombic structures of Fe sublattices. (b)
Structural control of Fe sublattices and its influence on tetrahedral geometry.

SrTiO3: 14 nm/Ba122: 4~20 nm

Bilayer

Fe: 30 nm/Ba122: 10~80 nm

J. Engelmann, K.I.  et al., Nat. Commun. 4 2877 (2013). 

S. J. A. Kimber et al., Nat. Mater. 8, 471 (2009).

Bulk

II. EXPERIMENTAL

Single crystals of BaFe2!As1−xPx"2 were grown from stoi-
chiometric mixtures of Ba !flakes", and FeAs, Fe, P, or FeP
!powders" placed in an alumina crucible, sealed in an evacu-
ated quartz tube. It was heated up to 1150–1200 °C, kept for
12 h, and then cooled slowly down to #800 °C at the rate of
1.5 °C /h. Platelet crystals with shiny !001" surface were ex-
tracted $inset of Fig. 1!c"%. x values were determined by an
energy dispersive x-ray analyzer.

Transport measurements were performed using an ac-
resistance bridge !LR-700, Linear Research Inc." or a nano-
voltmeter !Model 2182A/6221, Keithley" equipped with
Delta mode. For Hall/magnetoresistance measurements, we
took data by sweeping positive and negative magnetic fields
up to 5/14 T generated by a superconducting magnet at each
temperature. The Hall coefficient RH is defined as the field
derivative of Hall resistivity !xy, RH&d!xy /dH, at "0H
→0 T.15 Band structure was calculated by density-
functional theory implemented in the WIEN2K code.16

III. RESULTS AND DISCUSSION

Figures 1!a" and 1!b" show the in-plane resistivity !xx!T"
in zero field below 300 K and 100 K, respectively. An
anomaly in !xx!T" in the parent BaFe2As2 at T0=137 K cor-
responds to the structural and simultaneous SDW transitions
!T0=TSDW", consistent with the previous studies.17,18 With

increasing x, the anomaly is replaced by a step like increase
at T0, followed by a sharp peak at TSDW. The increase in x
suppresses these anomalies toward lower temperatures. At
the same time, the resistivity shows a drop at lower tempera-
tures and zero resistivity is attained at x#0.20, indicating a
coexistence of SDW and superconductivity. The coexistence
is observed up to x=0.28 and no anomaly associated with the
SDW transition is observed for x#0.33. As shown in Fig.
1!c", the crystals exhibit a very narrow superconducting tran-
sition width !$Tc%0.4 K for x=0.33". dc magnetization,
M!T", recorded for zero-field-cooling process shows fully
shielded Meissner signal. Specific heat of a single crystal
from the same batch also shows sharp jump at Tc, indicating
excellent quality of our crystals.19,20

Figure 1!d" depicts the temperature dependence of the
Hall coefficient RH at various doping levels. RH is negative,
indicating the dominant contribution of electrons. For x
&0.14, with decreasing temperature 'RH' jumps to higher
values at TSDW, indicating a reduction in carriers due to the
development of SDW gap in the Fermi surface. RH is
strongly temperature dependent even in the nonmagnetic
phase.

Figure 2!c" displays the T-x phase diagram of the
BaFe2!As1−xPx"2 system obtained in the present study. TSDW
decreases rapidly with x. At 0.14'x'0.30, both the SDW
and superconducting transitions are observed, suggesting that
the superconductivity may not have a bulk character. In the
vicinity of x(0.30, the SDW transition disappears suddenly
and a rapid growth of bulk superconductivity appears. The
superconducting transition shows a maximum Tc=31 K at
x=0.26 and further increase in x leads to the reduction in Tc.
The obtained phase diagram bears striking resemblance to
that of the pressure dependence of BaFe2As2,21 indicating
that the isovalent substitution of P for As is identical to the
pressure effect. In fact, the lattice constants as well as the
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FIG. 1. !Color online" !a" !xx!T" curves of BaFe2!As1−xPx"2 in
zero field. !b" The same data below 100 K. !c" !xx!T" and dc-
magnetization curve, M!T", measured by superconducting quantum
interference device magnetometer, recorded for zero-field-cooling
process for a x=0.33 crystal. For M!T", a small magnetic field !3
Oe" is applied along the c axis. The inset is a photograph of the
!001" surface of a single crystal. !d" T dependence of the Hall
coefficient RH!T" for various doping levels.

SDW

BaFe2(As1-xPx)2

(c)

o o

o
(b)

(a)

Non-Fermi
Liquid

Superconductivity

0 0.2 0.4 0.6 0.8 1
0

100

200

x

T
(K

)

0.35

0.36

1.2

1.4

h P
n(

A
)

z P
n

12.4

12.8

13.2

3.8

3.9

4

c-
ax

is
(A

)

a-
ax

is
(A

)

Tc
zero

TSDW

T0

Tc
on

FIG. 2. !Color" !a" Lattice constants determined from x-ray as a
function of x. !b" The z coordinate of pnictogen atoms in the unit
cell zPn and the pnictogen height from the iron plane hPn= !zPn
−0.25"(c. !c" Phase diagram of BaFe2!As1−xPx"2 against the P
content x. The open triangles show the structural transition at T0.
The closed black circles show TSDW, where the resistivity show
reductions due to the reduced spin scattering at the SDW transition.
The onset of superconductivity, Tc

on, and the zero resistivity tem-
perature, Tc

zero, are displayed as open red and closed blue squares.
Colors in the nonmagnetic normal state represent evolution of the
exponent ) in resistivity fitted by Eq. !1".

KASAHARA et al. PHYSICAL REVIEW B 81, 184519 !2010"

184519-2

Chemical 
pressure

S. Kasahara  et al., PRB 81 184519 (2010). 

BaFe2(As1-xPx)2

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 57, Oct 2024. Plenary presentation given at ASC 2024, Sept 2024, Salt Lake City, Utah, USA.



Tc =65 K in a monolayer of FeSe

Wang et al., Chin. Phys. Lett. 29 037402 (2012). 
Tan at al., Nat. Mater. 12 634 (2013).

ØSC gap opened at between 55 K ≤ 𝑇 ≤ 65 K for 1 ML
ØOnly electron-like pockets appeared at M-point for 1 ML

Ø Hole-like pocket started to appear at Γ-point for over 2 ML
ØFeSe ML is very sensitive to air -> quickly degraded
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65 K
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Tuning superconducting properties, Tc, by intercalation
XIAOLI DONG et al. PHYSICAL REVIEW B 92, 064515 (2015)

FIG. 1. (Color online) Illustration of hydrothermal ion-exchange
process. (a) A schematic illustration of the hydrothermal ionic
exchange reaction with the starting materials of big matrix crystals
of K0.8Fe1.6Se2, LiOHH2O, Fe, and CH4N2Se. The spacing between
the adjacent FeSe layers of thus synthesized (Li0.84Fe0.16)OHFe0.98Se
crystal with the space group P 4/nmm is consequently en-
larged by ∼32% [from ∼7.067 Å in K0.8Fe1.6Se2 to ∼9.318 Å in
(Li0.84Fe0.16)OHFe0.98Se]. For clarity, the H-Se and K-Se bondings in
the structures are not shown. (b) and (c) The XRD patterns of (00l)
type for the K0.8Fe1.6Se2 and the (Li0.84Fe0.16)OHFe0.98Se crystal
pieces, respectively, demonstrating their crystal orientations along
(001) planes. The insets show the corresponding photographs of the
crystals.

synthesized binary FeSe [10] as starting materials have only
produced powder samples of FeSe11111 [8–11]. Our recipe for
preparing the large and high quality crystals is that large crys-
tals of K0.8Fe1.6Se2 (nominal 245 phase, KFS245 for short) are
specially grown and used as a kind of matrix for a hydrothermal
ionic exchange reaction. The KFS245 structure consists of an
alternative stacking with layers of K ions and FeSe tetrahedra
similar to our target compound, so as to be the best precursor
with an ideal matrix structure. Moreover, the K ions in KFS245
are completely released into solution after the hydrothermal re-
action process. Simultaneously, (Li/Fe)OH layers constructed
by ions from the solution are squashed into the matrix,
linking the adjacent edge-sharing FeSe tetrahedra via a weak
hydrogen bonding. The separation between the neighboring
FeSe-tertahedron layers is consequently enlarged by ∼32%
(from ∼7.067 to ∼9.318 Å), resulting in an enhanced two di-
mensionality of the electronic structure compared with both the
bulk FeSe and the intercalated AyFe2−xSe2 superconductors.

As-derived high-quality FeSe11111 single crystals are of a
size over 10 mm in length and about 0.4 mm in thickness. The
cartoon in Fig. 1(a) illustrates such an ionic exchange process.
The experimental details of crystal synthesis are described in
Supplemental Material [12]. The insets of Figs. 1(b) and 1(c)
are the photographs of two typical crystal pieces for KFS245

precursor and its subsequently derived FeSe11111, respec-
tively. Interestingly, the FeSe11111 crystal roughly inherits the
original shape of its precursor. The room temperature x-ray
diffraction (XRD) patterns of (00l) type on the two crystal
pieces demonstrate their crystal orientations along (001)
planes, with l = 2n (n = integer) for KFS245 [Fig. 1(b)] and
without the systematic extinction for FeSe11111 [Fig. 1(c)].
Their corresponding powder XRD patterns are given in Figs.
S1a and S1b of the Supplemental Material [12], showing no
detectable impurity phases within experimental resolution. All
the reflections in each powder pattern can be well indexed on
known tetragonal structures with the space group of I4/m
[7] for KFS245 and P 4/nmm [8–10] for FeSe11111. The
least-squares refined unit cell dimensions are a = 8.7248(6) Å
and c = 14.1339(12) Å for KFS245, and a = 3.7827(4) Å
and c = 9.3184(7) Å for FeSe11111. Single crystal XRD
data of FeSe11111 are also collected at 180 K and the
structure refinement is performed in light of the reported
structure model [8,10]. The resulting crystallographic data are
listed in Table S1 of the Supplemental Material [12]. Finally
the chemical formula of our single crystal is expressed as
(Li0.84Fe0.16)OHFe0.98Se based on the structural refinement.
While the

√
5 × √

5 ordered vacant Fe sites in the FeSe
layers of K0.8Fe1.6Se2 are of ∼20% in amount [7], most
of them are occupied by Fe ions imported during the ionic
exchange process, leaving over there only 2% disordered Fe
vacancies in the end crystal of FeSe11111. The atomic ratio
of Li:Fe:Se (0.838:1.142:1, Supplemental Material Table S1
[12]) determined from the structural refinement is in perfect
agreement with the result (0.82:1.17:1) from inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
analysis. Importantly, no trace of K ions in our FeSe11111
crystals is detectable by energy dispersive x-ray spectrometry
(EDX) and ICP-AES, verifying a complete release of K ions
after the hydrothermal ionic exchange.

Figure 2(a) displays the magnetic susceptibility data for
the KFS245 precursor, exhibiting an AFM phase transition at

FIG. 2. (Color online) Magnetic properties of K0.8Fe1.6Se2 and
(Li0.84Fe0.16)OHFe0.98Se crystals. (a) The temperature dependence of
the static magnetic susceptibility of K0.8Fe1.6Se2 exhibits an antifer-
romagnetic transition at 538 K. (b) The magnetic susceptibilities cor-
rected for demagnetization factor under zero-field cooling (ZFC) and
field cooling (FC, 1 Oe along the c axis) for (Li0.84Fe0.16)OHFe0.98Se
show that a sharp diamagnetic transition occurs at 42 K. The ZFC
curve shows a 100% superconducting shielding and the FC one a
Meissner signal up to ∼21%.
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(Li0.84Fe0.16)OHFe0.98Se]. For clarity, the H-Se and K-Se bondings in
the structures are not shown. (b) and (c) The XRD patterns of (00l)
type for the K0.8Fe1.6Se2 and the (Li0.84Fe0.16)OHFe0.98Se crystal
pieces, respectively, demonstrating their crystal orientations along
(001) planes. The insets show the corresponding photographs of the
crystals.
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alternative stacking with layers of K ions and FeSe tetrahedra
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with an ideal matrix structure. Moreover, the K ions in KFS245
are completely released into solution after the hydrothermal re-
action process. Simultaneously, (Li/Fe)OH layers constructed
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linking the adjacent edge-sharing FeSe tetrahedra via a weak
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FeSe-tertahedron layers is consequently enlarged by ∼32%
(from ∼7.067 to ∼9.318 Å), resulting in an enhanced two di-
mensionality of the electronic structure compared with both the
bulk FeSe and the intercalated AyFe2−xSe2 superconductors.

As-derived high-quality FeSe11111 single crystals are of a
size over 10 mm in length and about 0.4 mm in thickness. The
cartoon in Fig. 1(a) illustrates such an ionic exchange process.
The experimental details of crystal synthesis are described in
Supplemental Material [12]. The insets of Figs. 1(b) and 1(c)
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original shape of its precursor. The room temperature x-ray
diffraction (XRD) patterns of (00l) type on the two crystal
pieces demonstrate their crystal orientations along (001)
planes, with l = 2n (n = integer) for KFS245 [Fig. 1(b)] and
without the systematic extinction for FeSe11111 [Fig. 1(c)].
Their corresponding powder XRD patterns are given in Figs.
S1a and S1b of the Supplemental Material [12], showing no
detectable impurity phases within experimental resolution. All
the reflections in each powder pattern can be well indexed on
known tetragonal structures with the space group of I4/m
[7] for KFS245 and P 4/nmm [8–10] for FeSe11111. The
least-squares refined unit cell dimensions are a = 8.7248(6) Å
and c = 14.1339(12) Å for KFS245, and a = 3.7827(4) Å
and c = 9.3184(7) Å for FeSe11111. Single crystal XRD
data of FeSe11111 are also collected at 180 K and the
structure refinement is performed in light of the reported
structure model [8,10]. The resulting crystallographic data are
listed in Table S1 of the Supplemental Material [12]. Finally
the chemical formula of our single crystal is expressed as
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Ø (Li,Fe)OHFeSe single crystals grown 

by ion exchange

ØElectronic structure is very similar to 
the FeSe ML (Tc ~ 42 K) 14

(Li,Fe)OHFeSe (11111) single crystal 
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Figure 1. The film growth and XRD characterizations. a, Schematic of the
matrix-assisted hydrothermal epitaxial growth (MAHEG) on LaAlO3 substrate. 
Facilitated by the insulating K0.8Fe1.6Se2 matrix crystal (left), the superconducting
(Li1-xFex)OHFe1-ySe film (right) is derived under the hydrothermal reaction conditions
described in Supporting Information. b, Zoom-in XRD 𝜃-2𝜃 scans of the (005)
peaks, showing a position shift due to a progressive lattice expansion along c-axis 
from sample SC04 to SC42. c, Double-crystal x-ray rocking curves of (006) Bragg 
reflection and corresponding FWHM values, indicating the small in-plane crystal
mosaicity. Inset: photomicrograph of a cleaved film on LAO substrate; the scale bar
measures 200 µm. d, XRD -scan of (101) plane for each sample consists of four
peaks spaced out 90 apart, in agreement with the C4 symmetry. It demonstrates an
excellent out-of-plane orientation and epitaxy. 

Huang et al., arXiv:1711.02920 (2017).
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Fig. 1. The crystal structure, XRD characterization, and superconducting transition
behavior of FeSe and (Li,Fe)OHFeSe. (a) Schematic illustrations of the crystal structures of
FeSe single crystals and (Li,Fe)OHFeSe epitaxial films grown on LaAlO3 substrates. The
strongly layered structure of (Li,Fe)OHFeSe (d ~ 9.3 Å) is achieved by intercalating (Li,Fe)OH 
molecules into the bulk FeSe structure (d ~ 5.5 Å). (b) and (c) The (00l) XRD patterns of the
samples. (d) and (e) X-ray rocking curves for the (003) peak of FeSe and (006) peak of
(Li,Fe)OHFeSe, respectively. (f) and (g) Temperature dependence of the normalized resistance
near Tc under c-axis fields up to 9 T for FeSe single crystals (Tc = 8.5 K) and (Li,Fe)OHFeSe
epitaxy films (Tc = 42.0 K), respectively.
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Fig. 1. The crystal structure, XRD characterization, and superconducting transition
behavior of FeSe and (Li,Fe)OHFeSe. (a) Schematic illustrations of the crystal structures of
FeSe single crystals and (Li,Fe)OHFeSe epitaxial films grown on LaAlO3 substrates. The
strongly layered structure of (Li,Fe)OHFeSe (d ~ 9.3 Å) is achieved by intercalating (Li,Fe)OH 
molecules into the bulk FeSe structure (d ~ 5.5 Å). (b) and (c) The (00l) XRD patterns of the
samples. (d) and (e) X-ray rocking curves for the (003) peak of FeSe and (006) peak of
(Li,Fe)OHFeSe, respectively. (f) and (g) Temperature dependence of the normalized resistance
near Tc under c-axis fields up to 9 T for FeSe single crystals (Tc = 8.5 K) and (Li,Fe)OHFeSe
epitaxy films (Tc = 42.0 K), respectively.
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tematic magnetoresistance measurements, the upper
critical field Hc2 is estimated to be 79.5 T and 443 T,
respectively, for the magnetic field perpendicular and
parallel to the ab plane. The I–V (current vs volt-
age) results yield a large critical current Jc of over
0.5 MA/cm2 at ⇠20 K for the FeSe-11111 thin film.

All the XRD experiments were performed at room
temperature on a diffractometer (Rigaku SmartLab,
9 kW), equipped with two Ge (220) monochromators.
The dc magnetic measurements were conducted on a
Quantum Design MPMS-XL1 system with a tiny rem-
nant field less than 4mOe. Both the electrical resis-
tivity and the I–V data were collected on a Quantum
Design PPMS-9 system using the standard four-probe
method.

Fig. 1. XRD characterizations of the (Li1�xFex)OHFeSe
film on the LaAlO3 (LAO) substrate. (a) The ✓–2✓ scan
shows only (00l) peaks. The inset displays a clean, shiny
and mirror-like surface morphology of a cleaved film sam-
ple. (b) The rocking curve of (006) reflection with an
FWHM of 0.22�. (c) The '-scan of the (101) plane. The
uniform four-fold symmetry reveals an excellent epitaxial
growth.

Figure 1(a) is a typical XRD pattern of the FeSe-
11111 films on the LAO substrate. The observation of
only (00l) reflections indicates its single preferred in-
plane orientation. The additional peaks marked with
LAO are from the substrate. No impurity peaks are
detectable. The c-axis parameter for the FeSe-11111
film calculated from the (00l) peaks is 9.329(7) Å, con-
sistent with that for the bulk material.[25,26,28] The in-
set of Fig. 1(a) displays a clean, shiny and mirror-like
surface morphology of a cleaved film sample. Shown
in Fig. 1(b) is the double-crystal x-ray rocking curve
for the (006) Bragg reflection, with a small FWHM
of 0.22 . To our knowledge, this is the best FWHM
value obtainable so far among various iron-based su-
perconductors. The '-scan of (101) plane in Fig. 1(c)

exhibits four successive peaks with an equal interval
of 90 , consistent with the C4 symmetry of the FeSe-
11111 film. This evidences an excellent out-of-plane
orientation and epitaxial growth. All the above data
demonstrate the high quality of the FeSe-11111 film
in the aspects of structure, morphology, crystalliza-
tion and epitaxy, which is even superior to our FeSe-
11111 single crystal samples.[26] The superconductiv-
ity of the FeSe-11111 film is confirmed by the dc dia-
magnetization, which sets in around 42 K as shown
in Fig. 2(a), and by the zero resistivity at 42.4 K as
in Fig. 2(b). Despite its high crystalline quality, the
full transition width of the film is broad, as commonly
seen in iron-based superconducting films.[13,16,17,19]
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Fig. 2. The superconductivity of the (Li1�xFex)OHFeSe
film characterized by dc magnetization and electrical resis-
tivity. (a) Zero-field-cooling normalized magnetization as
a function of temperature. The inset shows the diamagne-
tization occurring at ⇠42 K. (b) Temperature dependence
of in-plane resistivity. The upper inset clearly displays a
zero resistivity at 42.4 K. The lower inset shows the optical
image for the microbridge with a width of 80µm, a length
of 120µm and a thickness of ⇠100 nm.

In order to obtain both the upper critical field and
the critical current density, the cleaved thin film was
patterned into a microbridge for electrical transport
measurements, as shown in the lower inset in Fig. 2(b).
Since the electrodes of the microbridge are supercon-
ducting as well, the heat effects can be considerably
eliminated. In particular, the ohmic contact resis-
tance between the film and the silver paste is ⇠1⌦,
so it has no observable influence on the measurements
for a much larger resistance (>100⌦) of the micro-
bridge. The residual resistivity at zero Kelvin (⇢0)
is estimated to be ⇠10µ⌦·cm by a power law fitting
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tematic magnetoresistance measurements, the upper
critical field Hc2 is estimated to be 79.5 T and 443 T,
respectively, for the magnetic field perpendicular and
parallel to the ab plane. The I–V (current vs volt-
age) results yield a large critical current Jc of over
0.5 MA/cm2 at ⇠20 K for the FeSe-11111 thin film.

All the XRD experiments were performed at room
temperature on a diffractometer (Rigaku SmartLab,
9 kW), equipped with two Ge (220) monochromators.
The dc magnetic measurements were conducted on a
Quantum Design MPMS-XL1 system with a tiny rem-
nant field less than 4mOe. Both the electrical resis-
tivity and the I–V data were collected on a Quantum
Design PPMS-9 system using the standard four-probe
method.

Fig. 1. XRD characterizations of the (Li1�xFex)OHFeSe
film on the LaAlO3 (LAO) substrate. (a) The ✓–2✓ scan
shows only (00l) peaks. The inset displays a clean, shiny
and mirror-like surface morphology of a cleaved film sam-
ple. (b) The rocking curve of (006) reflection with an
FWHM of 0.22�. (c) The '-scan of the (101) plane. The
uniform four-fold symmetry reveals an excellent epitaxial
growth.

Figure 1(a) is a typical XRD pattern of the FeSe-
11111 films on the LAO substrate. The observation of
only (00l) reflections indicates its single preferred in-
plane orientation. The additional peaks marked with
LAO are from the substrate. No impurity peaks are
detectable. The c-axis parameter for the FeSe-11111
film calculated from the (00l) peaks is 9.329(7) Å, con-
sistent with that for the bulk material.[25,26,28] The in-
set of Fig. 1(a) displays a clean, shiny and mirror-like
surface morphology of a cleaved film sample. Shown
in Fig. 1(b) is the double-crystal x-ray rocking curve
for the (006) Bragg reflection, with a small FWHM
of 0.22 . To our knowledge, this is the best FWHM
value obtainable so far among various iron-based su-
perconductors. The '-scan of (101) plane in Fig. 1(c)

exhibits four successive peaks with an equal interval
of 90 , consistent with the C4 symmetry of the FeSe-
11111 film. This evidences an excellent out-of-plane
orientation and epitaxial growth. All the above data
demonstrate the high quality of the FeSe-11111 film
in the aspects of structure, morphology, crystalliza-
tion and epitaxy, which is even superior to our FeSe-
11111 single crystal samples.[26] The superconductiv-
ity of the FeSe-11111 film is confirmed by the dc dia-
magnetization, which sets in around 42 K as shown
in Fig. 2(a), and by the zero resistivity at 42.4 K as
in Fig. 2(b). Despite its high crystalline quality, the
full transition width of the film is broad, as commonly
seen in iron-based superconducting films.[13,16,17,19]
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Fig. 2. The superconductivity of the (Li1�xFex)OHFeSe
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tivity. (a) Zero-field-cooling normalized magnetization as
a function of temperature. The inset shows the diamagne-
tization occurring at ⇠42 K. (b) Temperature dependence
of in-plane resistivity. The upper inset clearly displays a
zero resistivity at 42.4 K. The lower inset shows the optical
image for the microbridge with a width of 80µm, a length
of 120µm and a thickness of ⇠100 nm.

In order to obtain both the upper critical field and
the critical current density, the cleaved thin film was
patterned into a microbridge for electrical transport
measurements, as shown in the lower inset in Fig. 2(b).
Since the electrodes of the microbridge are supercon-
ducting as well, the heat effects can be considerably
eliminated. In particular, the ohmic contact resis-
tance between the film and the silver paste is ⇠1⌦,
so it has no observable influence on the measurements
for a much larger resistance (>100⌦) of the micro-
bridge. The residual resistivity at zero Kelvin (⇢0)
is estimated to be ⇠10µ⌦·cm by a power law fitting
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FIG. 1. Schematic of the experimental setup used for protonation.

parameters can provide key insights for achieving high-Tc
superconductivity.

In this paper, we systematically study the evolution of the
normal state transport property and superconductivity with
electron doping in bulk Hx-FeSe single crystals using an ionic
liquid gating method with induced H+ intercalation, which
has negligible effect on the crystal structure [37]. In addition
to the Tc ≈ 10 K SC phase of pristine FeSe, three subsequent
SC phases with different Tc values emerge successively with
increasing carrier concentration. Such discrete SC phases with
an opposite trend of Tc are also observed in the deprotonation
process, wherein the amount of H+ intercalation is gradu-
ally decreased. Our results definitively prove that the discrete
SC phases are intrinsic and intimately related to the carrier
concentrations, and the interlayer distance is not a primary
factor for achieving high-Tc superconductivity. Moreover, the
evolution of both the normal state transport property and su-
perconductivity are also discussed in terms of the change in
FS topology induced by electron doping.

II. EXPERIMENT

Pristine FeSe single crystals were grown by the chemi-
cal vapor transport method [38,39]. Hx-FeSe single crystals
were obtained using ionic liquid gating method induced pro-
tonation, following Refs. [37,40]. A schematic illustration of
the protonation technique is shown in Fig. 1. The pristine
FeSe single crystal used for protonation is cleaved down to
15 ± 2 µm in thickness. Several cleaved crystals are then at-
tached to a negative electrode using silver paint. The distance
between the two platinum electrodes is about 15 mm, and
an electrostatic voltage is applied. The ionic liquid 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIM-BF4) is used
as a medium, and the container is fixed on a thermostatical
hot plate. The optimized protonation voltage and temperature
are 3 V and 330 K, respectively, which prominently improve
the efficiency of H+ intercalation. A series of H+ interca-
lated FeSe samples were obtained with different protonation
time. Hx-FeSe single crystal with a single 44 K SC phase

(protonated for 20 days) was selected to study the evolution
of Tc in the deprotonation process. Hx-FeSe single crystals
with different protonation and deprotonation times are respec-
tively labeled with SPD and SDPD, where D stands for the
protonation or deprotonation times (days). Considering that
the amount of H+ intercalation (the value of x) cannot be
clearly quantified, we hereafter instead use the protonation
or deprotonation time to represent the carrier concentration.
Details regarding the protonation/deprotonation process are
described in the Supplemental Material [41]. The advantages
of this protonation technique are that H+ is nonvolatile and
the obtained sample is stable enough at room temperature,
which allow various subsequent measurements. Powder x-ray
diffraction (XRD) measurements were performed at room
temperature on a commercial Rigaku diffractometer with
Cu Kα radiation. The faces of the crystals were oriented par-
allel to the flat sample holder to give only (00l) diffraction
peaks. Single-crystal XRD measurements were performed on
a Bruker APEX-II CCD diffractometer with Mo Kα radiation.
Data collection was performed at 150 K. Using Olex2 [42],
the structure was solved with the SHELXT structure solution
program [43] and refined with the SHELXL refinement package
using least squares minimization [44]. Electrical transport and
magnetization measurements were performed on a physical
property measurement system (PPMS-9T, Quantum Design)
and a magnetic property measurement system (MPMS-5T,
Quantum Design), respectively.

III. RESULTS AND DISCUSSION

Figures 2(a)– 2(c) show the evolution of the temperature
dependence of the normalized resistivity, ρ(T)/ρ200 K, with
protonation time. In pristine FeSe single crystal, the nematic
transition occurs near Ts ≈ 89 K and is accompanied by a
SC transition with onset Tc1 ≈ 10 K, in agreement with pre-
vious reports [1,38,39]. With increasing protonation time, Ts
is gradually decreased to lower temperatures and disappears
at the fifth day. Meanwhile, a new SC phase with onset
Tc2 ≈ 25 K appears and then becomes sharper and sharper
with protonation [see Fig. 2(a)]. This indicates competition
between nematicity and high-Tc superconductivity, consistent
with the result of high pressure study [4]. By contrast, it is
found that the nematic state is irrelevant to the emergent high-
Tc superconductivity in Na0.35(C3N2H10)0.426Fe2Se2 [45].
Such discrepancy may be related to the peculiar orthorhom-
bic structure that includes the ordered 1,3-diaminopropane
molecules in Na0.35(C3N2H10)0.426Fe2Se2. As the protona-
tion time is further increased, another two subsequent SC
transitions with onset Tc3 ≈ 34 K and Tc4 ≈ 44 K appear
successively, coexisting with the SC transition at 25 K in a
certain protonation time range [see Fig. 2(b)]. Then, both the
25 and 34 K SC phases vanish, and only the 44 K SC phase
persists after 15 days [see Fig. 2(c)].

To check whether the superconductivity induced by
protonation is a bulk characteristic, we also performed mag-
netization measurements on three typical samples (i.e., SP8,
SP12, and SP20) with different protonation time, as shown in
Fig. S2 [41]. The values of Tc determined by the diamagnetic
signal are consistent with those of resistivity measurements.
Additionally, the SC volume fraction at 2 K is estimated to
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FIG. 2. (a)–(c) Temperature dependence of the normalized resistivity, ρ(T )/ρ200 K, for different Hx-FeSe single crystals during the
protonation process with different protonation times. (e)–(g) ρ(T )/ρ200 K curves for Hx-FeSe single crystals that have been protonated for
20 days [SP20, shown in (c)] in the deprotonation process with different deprotonation time. The curves have been vertically shifted for clarity.
Black arrows indicate the nematic transition at Ts. Thick vertical lines are guides for the eye and highlight onset SC transition temperatures,
Tcn (n = 1, 2, 3, and 4), for different SC phases. Ts and Tcn (n = 1, 2, 3, and 4) are respectively defined as the dip and peak positions in
the temperature derivative of ρ(T )/ρ200 K, as shown in Supplemental Material Fig. S1 [41]. Black dotted lines represent fits to the formula
ρ(T )/ρ200 K = ρ0 + AT α (see text for details). (d) and (h) summarize the evolution of Tc with (d) protonation and (h) deprotonation time.

be about 100% for all samples, indicating bulk superconduc-
tivity in Hx-FeSe single crystals. As shown in Supplemental
Material Fig. S3 [41], Jc reaches a value of 1 × 106 A/cm2

at zero field (T = 5 K) (see Supplemental Material for details
[41]; also see Ref. [46] therein), which is much higher than
that of the FeSe single crystal, indicating the bulk nature of
superconductivity.

To confirm that our findings are intrinsic and sample in-
dependent, one piece of Hx-FeSe single crystal with a single
44 K SC phase (SP20; sample has protonated for 20 days)
was selected to study the evolution of Tc in the deprotonation
process, as shown in Figs. 2(e)–2(g). The 44 K SC phase is
rather robust against deprotonation, which exhibits a sharp
transition until the fifth day of deprotonation [see Fig. 2(e)].
Extending to longer deprotonation time, the SC transition at
44 K broadens and is accompanied by the reappearance of
the 34 and 25 K SC phases [see Fig. 2(f)]. By day 13, only a
SC transition at 25 K is visible after the total suppression of
the 44 and 34 K SC phases. This 25 K SC transition survives
up to the 36th day, although it becomes broader. Finally,
the nematic and SC transitions in pristine FeSe are restored
after the H+ is completely deintercalated at the 40th day [see
Fig. 2(g)]. The observation of discrete SC phases in both
the protonation and deprotonation processes with an opposite
trend in Tc proves the reliability of our results. In addition, it

is noted that the normal state transport behavior is also sig-
nificantly changed with carrier concentration, which will be
discussed later.

Summaries showing how the superconductivity of Hx-FeSe
single crystals evolve with protonation/deprotonation time
are presented in Figs. 2(d) and 2(h). Clearly different from
dome-shaped SC phase diagrams established in Fe-based su-
perconductors, discrete SC phases with steplike behavior are
observed for both the protonation and deprotonation pro-
cesses, analogous with (Li/Na)xFeSe flakes via solid ionic
gating [35] and A-NH3 (A = Na and K) intercalated FeSe
systems [7,10]. Note that, besides the two previously reported
SC phases with Tc values exceeding 30 and 40 K in gate-
voltage-modulated (Li/Na)xFeSe flakes and other intercalated
FeSe systems, an additional 25 K SC phase is detected here.
The origin of this discrepancy is still unclear at present. Never-
theless, our experimental results further prove that the discrete
SC phases are intrinsic in intercalated FeSe superconductors.
Moreover, the SC transition at 34 K does not exist alone but is
always accompanied by a SC transition at 25 or 44 K, signify-
ing a narrow doping window for the 34 K SC phase. A similar
phenomenon has also been observed in K/NH3 cointercalated
FeSe samples, although there is an opposite trend for Tc with
electron doping between K/NH3- and H+-intercalated FeSe
systems [7].
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FIG. 2. (a)–(c) Temperature dependence of the normalized resistivity, ρ(T )/ρ200 K, for different Hx-FeSe single crystals during the
protonation process with different protonation times. (e)–(g) ρ(T )/ρ200 K curves for Hx-FeSe single crystals that have been protonated for
20 days [SP20, shown in (c)] in the deprotonation process with different deprotonation time. The curves have been vertically shifted for clarity.
Black arrows indicate the nematic transition at Ts. Thick vertical lines are guides for the eye and highlight onset SC transition temperatures,
Tcn (n = 1, 2, 3, and 4), for different SC phases. Ts and Tcn (n = 1, 2, 3, and 4) are respectively defined as the dip and peak positions in
the temperature derivative of ρ(T )/ρ200 K, as shown in Supplemental Material Fig. S1 [41]. Black dotted lines represent fits to the formula
ρ(T )/ρ200 K = ρ0 + AT α (see text for details). (d) and (h) summarize the evolution of Tc with (d) protonation and (h) deprotonation time.

be about 100% for all samples, indicating bulk superconduc-
tivity in Hx-FeSe single crystals. As shown in Supplemental
Material Fig. S3 [41], Jc reaches a value of 1 × 106 A/cm2

at zero field (T = 5 K) (see Supplemental Material for details
[41]; also see Ref. [46] therein), which is much higher than
that of the FeSe single crystal, indicating the bulk nature of
superconductivity.

To confirm that our findings are intrinsic and sample in-
dependent, one piece of Hx-FeSe single crystal with a single
44 K SC phase (SP20; sample has protonated for 20 days)
was selected to study the evolution of Tc in the deprotonation
process, as shown in Figs. 2(e)–2(g). The 44 K SC phase is
rather robust against deprotonation, which exhibits a sharp
transition until the fifth day of deprotonation [see Fig. 2(e)].
Extending to longer deprotonation time, the SC transition at
44 K broadens and is accompanied by the reappearance of
the 34 and 25 K SC phases [see Fig. 2(f)]. By day 13, only a
SC transition at 25 K is visible after the total suppression of
the 44 and 34 K SC phases. This 25 K SC transition survives
up to the 36th day, although it becomes broader. Finally,
the nematic and SC transitions in pristine FeSe are restored
after the H+ is completely deintercalated at the 40th day [see
Fig. 2(g)]. The observation of discrete SC phases in both
the protonation and deprotonation processes with an opposite
trend in Tc proves the reliability of our results. In addition, it

is noted that the normal state transport behavior is also sig-
nificantly changed with carrier concentration, which will be
discussed later.

Summaries showing how the superconductivity of Hx-FeSe
single crystals evolve with protonation/deprotonation time
are presented in Figs. 2(d) and 2(h). Clearly different from
dome-shaped SC phase diagrams established in Fe-based su-
perconductors, discrete SC phases with steplike behavior are
observed for both the protonation and deprotonation pro-
cesses, analogous with (Li/Na)xFeSe flakes via solid ionic
gating [35] and A-NH3 (A = Na and K) intercalated FeSe
systems [7,10]. Note that, besides the two previously reported
SC phases with Tc values exceeding 30 and 40 K in gate-
voltage-modulated (Li/Na)xFeSe flakes and other intercalated
FeSe systems, an additional 25 K SC phase is detected here.
The origin of this discrepancy is still unclear at present. Never-
theless, our experimental results further prove that the discrete
SC phases are intrinsic in intercalated FeSe superconductors.
Moreover, the SC transition at 34 K does not exist alone but is
always accompanied by a SC transition at 25 or 44 K, signify-
ing a narrow doping window for the 34 K SC phase. A similar
phenomenon has also been observed in K/NH3 cointercalated
FeSe samples, although there is an opposite trend for Tc with
electron doping between K/NH3- and H+-intercalated FeSe
systems [7].
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FIG. 5. (a) and (b) Phase diagrams of Hx-FeSe single crystals derived from the (a) protonation and (b) deprotonation processes. Color
maps represent the temperature dependence of the exponent, α, extracted from d ln(ρ − ρ0)/d ln(T ). (c) and (d) Schematics describing the
evolution of FS topology with (c) protonation and (d) deprotonation. Blue and red lines represent the electron and hole FSs, respectively.

With protonation, ρxy of the protonated FeSe shows a good
linear dependence on the magnetic field up to 9 T at all
temperatures, and RH remains negative, indicating that the
dominant carriers are electrons. These results indicate that,
with the doping of H+ into the energy band of FeSe, the
effective hole concentration is suppressed and the dominant
carriers change to electrons. Notably, the evolution of the
temperature dependence of RH is abruptly changed in the
25 K SC phase and is accompanied by a sudden sign reversal,
from positive to negative [see Figs. 4(e) and 4(f)], similar to
that observed in gate-voltage-modulated FeSe thin flakes [33].
This behavior signifies a dramatic modification in the band
structure (i.e., a Lifshitz transition). In addition, it is noted that
the RH-T curve of the 25 K SC phase shows nonmonotonic
temperature dependence with a dip feature, which mimics that
in the (Li,Fe)OHFeSe system [see Fig. 4(e)] [60]. This implies
that the electronic structure of the 25 K SC phase is similar to
that in (Li,Fe)OHFeSe, in which only electron pockets exist in
the Brillouin zone [25,26] and providing further evidence of
a Lifshitz transition. Compared with (Li,Fe)OHFeSe [60], the
lower value of Tc2 in Hx-FeSe can be attributed to lower carrier
concentrations, as revealed by the larger absolute value of RH
shown in Fig. 4(e). As the protonation time further increases,
the absolute value of nH increases monotonously, indicat-
ing the continuous electron doping. Simultaneously, two SC
phases with Tc3 ∼ 34 K and Tc4 ∼ 44 K appear. Clearly, nH
continuously changes from ∼6 × 1027 m−3 for the pristine
FeSe to −1.2 × 1027 m−3 for the 20-day protonated one, in
spite of the steplike Tc. More evidently, for the 16- and 20-day
protonated samples, they show the same value of Tc, but differ-
ent values of nH. Similar discrete superconducting phases with
continuous doping were also observed in Lix-FeSe thin films
[35]. For the 44 K SC phase, the temperature dependence and,
even for its absolute value, RH are quite similar to those in Li-
NH3-intercalated FeSe single crystals with Tc ≈ 44.5 K [47]

and gate-voltage-modulated FeSe thin flakes with Tc ≈ 48 K
[33].

According to the Hall effect results and the knowledge on
the FS topology in heavily electron-doped FeSe-derived su-
perconductors [21–28], we propose a possible physical picture
associated with the Lifshitz transition to explain the sudden
increase of Tc. Some of the electrons fill the hole pockets at
the center of the Brillouin zone (# point) with electron doping,
while other electrons are distributed to other electron pockets
at the corners (M point). At the critical doping level where
a Lifshitz transition occurs, the hole pockets at the # point
vanish and only electron pockets at the M point exist. Based
on this picture, we provide schematic representations of the
evolution of FS topology during the protonation and deproto-
nation processes, as shown in Figs. 5(c) and 5(d), respectively.
With electron doping, the Lifshitz transition occurs and leads
to the abrupt appearance of the Tc2 SC phase, as well as the
change of α. As the electron doping level is further increased,
the radii of electron pockets become larger and larger, corre-
sponding to the subsequent Tc3 and Tc4 SC phases. For the Tc3
and Tc4 SC phases, a common FS topology with only electron
pockets in the Brillouin zone corners has been demonstrated
in FeSe-derived superconductors such as KFe2Se2 [23,24],
(Li0.8Fe0.2)OHFeSe [25,26], and K-coated FeSe films [21,22].
The change of carrier concentration may affect the density
of states and FS topology, and these parameters determine
Tc together. Some mechanisms such as interpocket pairing
between electron pockets [61] and orbital-selective pairing
[62] may be responsible for the higher Tc3 and Tc4 SC
phases [35].

Another possible origin is that the intercalated H+ may
occupy different sites in the Wyckoff position of FeSe. H+

ions diffuse into FeSe and occupy the position from a low acti-
vation energy site. Upon increasing the concentration, H+ ions
may occupy different positions of a higher activation energy

134506-6

Heavily electron doping
induces high Tc
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Electric double layer transistor (EDLT)
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Tuning superconducting properties by EDLT

SC induced by EDLT

first demonstration 

in IBS [FeSe~0.6nm]

VG=5 V

VG=0 V 12 K -> 38 K

FeSe0.8Te0.2 (>10 nm)
S. Kouno et al., Sci. Rep. 8 14731 (2018).

J. Shiogai et al., Nat. Phys. 12 42 (2016).

Tc enhancement by EDLT

~40 K
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So far, enhancement of Tc by EDLT only for FeSe & Fe(Se,Te) 

NdFeAsO (~7 nm)
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Ambipolar suppression of Tc

BaFe2(As,P)2 (~10 nm)K. Iida et al., unpublished
E. Piatti, K.I.  et al., Phys. Rev. Mater. 3 044801 (2019).Fig. 6A shows the T dependences of the sheet resistance Rs

(Rs–T) for the TlFe1.6Se2 EDLT at VG = 0, +2, and +4 V. The
Rs–T characteristics from 300 to 30 K at VG = 0 V indicate simple
thermally activated behavior, given by Rs = Rs0 exp(Ea/kBT)
(where Rs0 is a constant and kB is the Boltzmann constant). This
trend is similar to the Rs–T behavior of insulating TlFe2–ySe2
single crystals with 2 − y < 1.5 (18), but the resistivity anomaly
due to a magnetic phase transition of spin reorientation at 100 K
observed in the TlFe1.6Se2 single crystal (16, 17) was not detected.
The Ea value of the TlFe1.6Se2 EDLT at VG = 0 obtained from
the Arrhenius fitting is 20 meV (Fig. 6B). This value is smaller
than the 57.7 meV of the TlFe1.47Se2 single crystal (18) but almost
double that of TlFe1.6Se2 single-crystals (11 meV) (16). These
observations indicate the naturally doped carrier density should be
smaller than that of the TlFe1.6Se2 single crystals. On the other
hand, Ea is far smaller than the calculated (∼100 meV) (11, 12)
and experimentally measured Mott gaps (∼430 meV) (13),
which suggests that the TlFe1.6Se2 film is doped with carriers.
The Rs–T behavior largely varied with VG, particularly in the

low T region, which is seen also in Fig. 5C. The Rs–T curves were
reversible in the cooling and heating cycles. The Ea value estimated
in the high T region decreased from ∼20 meV at VG = 0−2 V to
8.9 meV at VG = +4 V (Fig. 6B); i.e., Rs at VG = +4 V is almost
independent of T, indicating that a highly accumulated channel was
formed by the application of VG. The Rs–T curves at VG ≥ 2 V do
not show a simple thermally activated behavior and exhibit humps
at T = 55 K for VG = +2 V and at 40 K for VG = +4 V (indicated by
the vertical arrows in Fig. 6A). That is, when VG was increased from
0 to +2 V, the resistance hump appeared at Thump = 55 K, and Rs
increased steeply again at T ≤ 31 K. At VG = +4 V, Thump shifted to
a lower T (40 K), and Rs leveled off in the further lower T region. It
would be possible to consider that the resistivity humps are at-
tributed to a precursory phenomenon of a metal–insulator (MI)
transition because Ea decreased sharply as confirmed in Fig. 6B. As
for the A1–xFe2–ySe2 superconductor single crystals, they also exhibit
resistance humps and cross-overs from an insulating state to a
metallic state at Thump, and finally to a superconducting state (18).
In the case of (Tl,K) Fe2–ySe2 in the literature (Fig. 6A, Inset) (18),
the resistance hump appears at 2 − y = 1.68, and the supercon-
ductivity appears at 2 − y ≥ 1.76. This value is 16% larger than that
of the TlFe1.6Se2 film in this work. This preceding work suggests
that the Thump observed in this study can also be related to the MI

transition and superconductivity; however, in this study we could
not observe superconductivity up to the maximum VG of +4 V.
A similar phenomenon, which is attributed to a magnetic phase

transition, has been observed also in fully VFe-ordered (100 K)
(17) and multiphase (100–150 K) (23) TlFe1.6Se2 single crystals.
On the other hand, the resistance humps are attributed to the
formation of an orbital-selective Mott phase (OSMP) for the VFe-
poor A1−xFe2–ySe2 bulk crystals, where one of the Fe 3d orbitals,
dxy, remains localized and the other four orbitals are delocalized
(24, 25). The Mott insulator phase dominates the resistance above
Thump, whereas the OSMP prevails below it; finally, superconductivity
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Fig. 5. (A) Transfer characteristics (ID–VG) at VD = +0.3 V and T = 280 K cyclically measured for two loops. Arrows indicate the VG sweep directions, and
triangles show the positions where ID begins to increase. IG vs. VG is also shown at the bottom. (B) Output characteristics (ID–VD) at VG = + 0−4 V and T = 280 K,
measured before (Upper) and after (Lower) the transfer characteristics measurement in A. (C) VG dependence of Gs measured with decreasing T (open
symbols) and increasing T (filled symbols) over the 25–300 K range. The solid lines are visual to show the change in Gs clearly.
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Fig. 6. (A) T dependences of Rs for the TlFe1.6Se2 EDLT measured with in-
creasing T (open symbols) and decreasing T (filled symbols) at VG = 0→+
2.0→+4.0→0 V. The arrows indicate the positions of resistance humps. The
reported ρ–T curves of (Tl,K) Fe2–ySe2 bulk materials (18) are shown for
comparison (Inset). A resistance hump appears at 2 − y ≥ 1.68, and super-
conductivity emerges at 2 − y ≥ 1.76. (B) The Ea estimated from A in the high
T region as a function of VG.
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optimized conditions. This result is also consistent with the
observation of Pendello ̈sung interference fringes (Fig. 2A, Inset).
The step height (Fig. 2F) observed by atomic force microscopy is
∼0.7 nm, which agrees well with the distance between the
nearest-neighbor FeSe–FeSe layers [corresponding to a half unit
of the c-axis length (1.397 nm) of the TlFe1.6Se2 unit cell in-
dicated in Fig. 1A]. These results guarantee that the TlFe1.6Se2
epitaxial film is of sufficiently high quality to be used for the
EDLT transport channel.
The atomic structure and VFe ordering in the TlFe1.6Se2 epi-

taxial film were examined by high-angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) and
selected area electron diffraction (SAED). Fig. 3 A and B show
the plan-view HAADF-STEM images of the TlFe1.6Se2 epitaxial
film. VFe are detected as the dark regions due to the enhanced
atomic number contrast of HAADF, showing the long-range
periodic VFe ordering. In addition, superlattice diffractions due to
the VFe ordering, similar to that of TlFe1.6Se2 single crystal (17),
were observed in the SAED pattern Fig. 3C as indicated by q1 and
q2. These results substantiate that the present sample is of a highly
VFe-ordered phase. Fig. 3D demonstrates the arrangement of VFe
more clearly by superimposing yellow lines on the HAADF-STEM
image of Fig. 3A. Fully ordered VFe are dominant in almost the
whole region, while small phase separation to disordered-VFe re-
gions ≤5 nm in size (the unmarked regions in Fig. 3D) were also
observed by keeping the perfect coherency of the fundamental
crystal structure.
A 20 nm-thick TlFe1.6Se2 epitaxial film was used as the EDLT

transport channel. Fig. 4 shows a schematic illustration of the
EDLT, in which a six-terminal Hall bar channel and Au pad
electrodes were formed using shadow masks. After pouring the
ionic liquid, N,N-diethyl-N-methyl-N-(2-methoxyethyl)-ammonium
bis-(trifluoromethylsulfonyl) imide (DEME-TFSI), into a silica glass
cup, a Pt coil electrode was inserted into the ionic liquid to act as

a gate electrode. The transfer curves [VG dependence of drain current
(ID)] at a drain voltage (VD) of +0.3 V and output curves (ID vs. VD
under various VG) of the EDLT were then measured.
Fig. 5A shows the cyclic transfer characteristics (ID vs. VG) of

the TlFe1.6Se2 EDLT at T = 280 K. A positive VG of up to +4 V
was applied to the Pt coil gate electrode, which accumulates
electrons at the interface. When VG = +1.7 V was applied, ID
began to increase. The maximum ID in the transfer curve
reached 12 μA at VG = +4 V, along with a small on:off ratio of
1.5. The gate leakage current (IG) (Fig. 5A, Lower) also in-
creased at VG up to +4.0 V but was clearly smaller than ID in the
whole VG region. After applying VG = +4 V, ID recovered to the
initial values of 8 μA when VG was decreased to 0 V. The large
hysteresis loop is observed due to the slow response of ion dis-
placement in the ion liquid. Probably due to the same reason,
some parallel shift remains in the second ID−VG loop; however,
the shape and the hysteresis width are very similar to those of the
first loop, guaranteeing the observed results are reversible and
reproducible. These results demonstrate the electrostatic nature
of carrier accumulation. In the output characteristics (Fig. 5B),
the conductance dID/dVD increased with increasing VG at ≥ +2.0
V. Two output characteristics, which were measured before and
after the transfer curve measurements in Fig. 5A, remain un-
changed, which further guarantees the reversibility of the EDLT
characteristics. However, the ID modulation is small at 280 K
because of the high conductance at VG = 0, which originates
from the highly naturally doped carriers in the TlFe1.6Se2 film, as
reported for a TlFe1.6Se2 bulk crystal in which the carrier density
was estimated to be ∼5 × 1021 cm–3 at T = 150 K (16). Using the
reported gate capacitance value of ∼10 μF/cm2 (22), the maxi-
mum accumulated carrier density is estimated to be 2.5 ×
1014 cm–2 at VG = 4 V, and the field-effect mobility in the linear
region of the output characteristics is estimated to be 0.18 cm2/
(V·s) at VG = +4 V. To estimate the carrier density induced in the
TlFe1.6Se2 EDLT, we performed Hall effect measurements by
applying magnetic fields of up to 9 T at temperatures between 300
and 25 K, but the Hall voltages (Vxy) obtained were below the
detection limit of our measurement system. This suggests that the
Hall mobility is smaller than 0.02 cm2/(V·s), which is roughly
consistent with the small field-effect mobility above. Fig. 5C plots
the VG dependence of the sheet conductance (Gs) at T = 300–25
K. The VG dependences of Gs were reversible also against repeated
variation of measurement temperature (compare the open symbols
and the filled symbols in Fig. 6A). With decreasing T,Gs at VG= 0 V
steeply decreased from 2.2 × 10−5 to 1.5 × 10−8 S because of the
decrease in carrier density. It should be noted that large Gs
modulation with gains of three orders of magnitude was dem-
onstrated at T = 25 K.

200

0-20

110q1q2

A B

C D

Fig. 3. (A) [001] plan-view HAADF-STEM image of TlFe1.6Se2 epitaxial film.
(B) Magnified HAADF-STEM image of the yellow square region in A. Vertical
yellow arrows indicate the VFe sites with dark contrast. (B, Inset) The crystal
structure of TlFe1.6Se2, where only Tl and Fe sites are shown because the
positions of Se and Tl sites overlap over them (Fig. 1B). The square shows the
superlattice unit cell, where VFe are shown (green circles). (C) The SAED
pattern with electron beam along [001]. Two superlattice reciprocal vectors
due to VFe ordering are indexed by q1 and q2. (D) Small green circles indicate
all detected VFe, and yellow lines indicate VFe arrangement.

Ionic liquid, DEME-TFSI

Vxx

TlFe1.6Se2
epitaxial film
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Au wire

ID, VD
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In layer

IG, VG
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Fig. 4. Schematic of the EDLT using TlFe1.6Se2 epitaxial film with a six-ter-
minal Hall bar structure on a CaF2 substrate. VG was applied via a Pt counter
electrode through the ionic liquid, DEME-TFSI, contained in a silica glass cup.
Electrical contacts were formed using Au wires and In/Au pads.
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TlFe1.6Se2 (~20 nm)

T. Katase et al., PNAS 111 3979 (2014).
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Overview

1. Iron-based superconductors (IBSs)

• Physical properties

2. Tuning of the superconducting properties
• SC transition temperature (strain, monolayer, intercalation, EDLT)

• Grain boundary, GB
• Critical current density (natural defects, APC, thermodynamic approach)

3. Progress Toward applications

• Use of IBS wires and bulks in magnets, and perspective
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Large critical angle 𝜃% & constant 𝐽%,'()*+ (𝜃,- > ~15º)

𝜽𝐜~𝟗º

T. Hatano, K.I. et al., NPG Asia Mater. 16 41 (2024).
K. Iida et al., Supercond. Sci. Technol. 32 074003 (2019).
T. Katase et al., Nat. Commun. 2 409 (2011).
W Si et al., Appl. Phys. Lett. 106 032602 (2015).
E. Sarnelli et al., IEEE Trans. Appl. Supercond. 27 7400104 (2017).

ØA critical angle 𝜃" of 9º, which is larger 
than cuprate

ØThe 𝐽",&'()* is constant at 𝜃+, > ~15º

[001] [001]

𝜃!"GB
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Excellent GB properties in (Ba,K)122
Unchanged 𝜽𝐜 for (Ba,K)122 even in field

T. Hatano, K. I.  et al., NPG Asia Mater. 16 41 (2024).

Ø As expected, GB is sharp for MgO
Ø GB angles of K:Ba122 gradually

change

SPED (scanning precision electron diffraction)

MgO

Ba122

Ba122

22

(Ba,K)122 having qGB=6º
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GB transparency is increased by over-doping (Ba,K)122

Z. Cheng et al., Mater. Today Phys. 28 100848 (2022).

Fig.3 Doping dependence of the critical current density, charge carrier density and

conductivity of the Ba1-xKxFe2As2 samples. (a), Inter- and intra-grain critical current densities at

4.2 K as a function of the K content x. The average Jcinter of the measured samples is shown here. 

The error bars denote the standard deviation (s.d.) of the measurements. (b), Doping dependence of

the grain boundary transparency parameter ε(4.2 K)=Jcinter/Jcintra at 6 T and 8 T. The error bars are

the s.d. The effective charge carrier density neff and the electrical conductivity ı at 50 K as a function

of the doping level are also included. The red and blue dashed lines in (b) are guides to the eye.

Ø Over-doped grains enhanced the proximity effect
Ø SNS JJ model described the data

intra-grain Jc inter-grain Jc

x in (Ba1-xKx)Fe2As2 x in (Ba1-xKx)Fe2As2
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Detailed analyses on polycrystalline (Ba,K)122

F. Kametani et al., Appl. Phys. Express 17 013004 (2024). 

Ø Grain alignment is important (GB connectivity)
Ø Clean GB is important (the number of GB connections)

or bright in Z-contrast compared with the inside of the Ba122
grains, indicating a very different local chemical composition
(i.e. not Ba122) and/or lower density at the GBs.
The EDS elemental mapping in Fig. 2 revealed that such

different Z-contrasts in Fig. 1(b) of Ag-HP are caused by
different compositional segregations: a continuous bright
contrast in the center of GBs and a discontinuous dark
contrasts between the Ba122 grains and the bright bands at
the center of the GBs. The EDS maps identify the former as
made by continuous Fe and As segregation along the GBs,
indicating that the bright Z-contrast at the GBs is FeAs. The
EDS of K and O shows significant O segregation and K
depletion at the GBs too. Judged by the O location and Ba
distribution, the discontinuous dark contrast at the GBs is
consistent with Ba–O segregation.
Despite the minor difference in Jc (only ∼7%), the Ag-SS

sample showed a rather different grain and GB nanostructure
compared with Ag-HP (Fig. 3). The diffraction contrasts of
Ba122 grains indicate that most of the Ba122 grains in Ag-SS

are equiaxial rather than plate-like as seen in the Ag-HP
sample. The grains are approximately 0.5–1.0 μm in size.
Judged from the shape of the grains and their configuration,
some large grains appear very slightly uniaxially textured,
although most of the small grains appear rather randomly
oriented, which appears to be consistent with the trend found
in the EBSD study.39) Also, there are many porosities of
∼0.2–0.5 μm in size, indicating the lower density of the Ba122
core in Ag-SS than in Ag-HP; however, such porosities do not
extend along the GBs. As seen in Fig. 3(b), there are
continuous clean GB networks in Ag-SS in contrast to
Ag-HP. The HAADF-STEM imaging in Fig. 3(b) showed
no dark Z-contrast traces at many of the GBs, strongly
implying that most of the grains are physically well-connected
without losing local density, such as with nanocracks found in
some Ba122 bulks,25) and there is no compositional variation
caused by secondary phases or oxide byproducts at such
physically connected GBs. Interestingly, despite the presence
of porosity, Ag-SS showed a higher Vickers hardness (Hv)

(a) (b)

Fig. 1. (a) Bright field scanning transmission electron microscopy (STEM) image and (b) high-angle annular dark field STEM image showing the grain and
grain boundary structures in the same region in Ag-sheathed K-doped Ba122 tape made by hot pressing (sample Ag-HP).

Fig. 2. Energy dispersive X-ray spectroscopy elemental maps showing the compositional segregations in the Ag-HP sample. At the grain boundaries, the
continuous bright contrast is FeAs, whereas the discontinuous dark contrast is Ba–O.
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or bright in Z-contrast compared with the inside of the Ba122
grains, indicating a very different local chemical composition
(i.e. not Ba122) and/or lower density at the GBs.
The EDS elemental mapping in Fig. 2 revealed that such

different Z-contrasts in Fig. 1(b) of Ag-HP are caused by
different compositional segregations: a continuous bright
contrast in the center of GBs and a discontinuous dark
contrasts between the Ba122 grains and the bright bands at
the center of the GBs. The EDS maps identify the former as
made by continuous Fe and As segregation along the GBs,
indicating that the bright Z-contrast at the GBs is FeAs. The
EDS of K and O shows significant O segregation and K
depletion at the GBs too. Judged by the O location and Ba
distribution, the discontinuous dark contrast at the GBs is
consistent with Ba–O segregation.
Despite the minor difference in Jc (only ∼7%), the Ag-SS

sample showed a rather different grain and GB nanostructure
compared with Ag-HP (Fig. 3). The diffraction contrasts of
Ba122 grains indicate that most of the Ba122 grains in Ag-SS

are equiaxial rather than plate-like as seen in the Ag-HP
sample. The grains are approximately 0.5–1.0 μm in size.
Judged from the shape of the grains and their configuration,
some large grains appear very slightly uniaxially textured,
although most of the small grains appear rather randomly
oriented, which appears to be consistent with the trend found
in the EBSD study.39) Also, there are many porosities of
∼0.2–0.5 μm in size, indicating the lower density of the Ba122
core in Ag-SS than in Ag-HP; however, such porosities do not
extend along the GBs. As seen in Fig. 3(b), there are
continuous clean GB networks in Ag-SS in contrast to
Ag-HP. The HAADF-STEM imaging in Fig. 3(b) showed
no dark Z-contrast traces at many of the GBs, strongly
implying that most of the grains are physically well-connected
without losing local density, such as with nanocracks found in
some Ba122 bulks,25) and there is no compositional variation
caused by secondary phases or oxide byproducts at such
physically connected GBs. Interestingly, despite the presence
of porosity, Ag-SS showed a higher Vickers hardness (Hv)

(a) (b)

Fig. 1. (a) Bright field scanning transmission electron microscopy (STEM) image and (b) high-angle annular dark field STEM image showing the grain and
grain boundary structures in the same region in Ag-sheathed K-doped Ba122 tape made by hot pressing (sample Ag-HP).

Fig. 2. Energy dispersive X-ray spectroscopy elemental maps showing the compositional segregations in the Ag-HP sample. At the grain boundaries, the
continuous bright contrast is FeAs, whereas the discontinuous dark contrast is Ba–O.
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Detailed in 4MOr2A-01 
by F. Kametani (4/9)

Hot-pressed (Ba,K)122 tape FeAs wetting phase and BaO
(Blocking the supercurrent flow)
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Natural defects in IBS thin films
LETTERS NATUREMATERIALS DOI: 10.1038/NMAT2721

Ba-122

Ba-122

Ba-122

STO

STOLSAT

a

b

c d

2 nm 100 nm

20 nm

50 nm 100 nm

4 nm
100 nm

Figure 3 |Microstructures of Co-doped BaFe2As2 thin films investigated
by TEM. a–d, Cross-sectional TEM micrographs of films on bare LSAT (a),
100 u.c. STO/LSAT (b), 20 u.c. STO/LSAT (c) and bare STO (d). They
confirm that the films on bare STO or STO-buffered LSAT are epitaxial,
whereas the film on bare LSAT is polycrystalline with misoriented grains.
Line defects along the c axis exist in the films grown on STO/LSAT and bare
STO. The insets on the left side of b are planar and cross-sectional views of
the same film, showing a uniform distribution of the vertically aligned line
defects. The insets on the top right sides of a,b,d show the corresponding
selected-area electron diffraction patterns. The HRTEM image in c shows
the interface structures between LSAT and 20 u.c. STO and between 20 u.c.
STO and the Ba-122 film.

We believe that two factors contribute to the high Jc. First, the
films on templated LSAT and bare STO have high epitaxial quality
with no high-angle tilt grain boundaries, as confirmed by both
XRD and TEM analysis. According to our previous report17, [001]
tilt grain boundaries of Ba-122 with ✓ = 6 –24 show significant
suppression of supercurrent, making it entirely understandable
that randomly oriented high-angle tilt grain boundaries would
effectively block supercurrent, as suggested by several recent
pnictide film reports10–12,14. Indeed, the films grown on bare
LSAT developed many high-angle grain boundaries, had almost
no flux shielding even in low fields (2mT) and very low Jc. In
contrast, films on templated LSAT and bare STO showed high
Jc without evidence of weak links. Interestingly, the Jc of the
film on STO/LSAT is higher than that of the film on bare STO,
which is consistent with our observation of a higher density of
line defects in Ba-122 on STO/LSAT than for the film grown
on bare STO. We also measured the angular-dependent transport
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Figure 4 | Resistivity and magnetic moment as a function of temperature.
a, ⇢(T) from room temperature to below Tc. b, Superconducting transition
of all films; Tc,onset and Tc,⇢=0 of the film on 100 u.c. STO/LSAT are as high
as 22.8 K and 21.5 K, respectively. Inset: Superconducting transition of the
film on bare STO. c, Magnetic moment as a function of temperature
evaluated by warming after zero-field-cooling. A field of 2 mT was applied
perpendicular to the plane of the films after cooling to 4.2 K. Inset: An
expanded view of the much smaller diamagnetic signal of the film grown on
bare LSAT.

Jc of a STO/LSAT film, as shown in Fig. 5b. Jc always shows
a strong c-axis peak, which opposes the expected electronic
anisotropy because the upper critical field Hc2 is lower for H

parallel to the c axis23–25, making it clear that there is strong
pinning along the Ba-122 c axis that is parallel to the vertically
aligned defects of the secondary phases. Recently, a similar
angular dependence was reported in much lower Jc but granular
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Figure 5 | Jc as a function of magnetic field and its angular dependence.
a, Magnetization Jc as a function of magnetic field at 4.2 K with the field
applied perpendicular to the plane of the film. Inset: A magneto-optical
image obtained by zero-field-cooling to 6.6 K, then applying a magnetic
20 mT field perpendicular to the plane of the film. b, Transport Jc at 14 K
and 1, 4 and 8 T as a function of the angle between the applied field and the
surface of the Ba-122 films. The magnetic field is always perpendicular to
the current-flow direction.

Co-doped Sr-122 films, which was associated with contributions
from dilute magnetic pinning26.

We have also grown Co-doped Ba-122 films on other bare
substrates, including (001) LAO and (110) GdScO3 (GSO). In
spite of the almost perfect lattice match between Ba-122 and
(110)-oriented GSO, the film on bare GSO shows poor quality,
just like the films grown on bare LAO (see Supplementary Table
SI). Both bare GSO and LAO films show broad peaks from
misoriented grains in the � scan. However, when an intermediate
layer of STO or BTO was used as a template on the LAO or
GSO, the properties of the Ba-122 films were markedly enhanced
and misoriented grains were not seen. Remarkably, we could also
grow a superior quality Ba-122 film on STO/GSO using template
engineering with intermediate STO layers that produced a perfect
lattice match with Ba-122. The FWHM of the (004) reflection
rocking curve and 1� of Ba-122 on 50 u.c. STO/GSO were very
narrow, 0.24� and 0.3�, respectively (see Supplementary Table SI),
values close to those of bulk single crystals21. All of the above
results show that an STO or BTO template is the key to growing
high-quality epitaxial Ba-122 films.

We have developed a versatile new method to turn granular,
low-Jc superconducting films into single-crystal, high-Jc and truly

epitaxial films of Ba-122. Our working hypothesis is that we
are favouring bonding between the Ba alkaline-earth component
of the pnictide phase and the underlying oxide substrate by
using template engineering with the intermediate STO or BTO
layers. Indeed, the Jc in our high-quality epitaxial films is about
10 times greater than in bulk single crystals15 and ⇠400 times
greater than in previously reported AE-122 films10–12. Template
engineering permits truly single-crystal quality (Supplementary
Table S1) without any loss of connectivity because of high-angle
grain boundaries, and a high density of vertically aligned, secondary
phase line defects results in strong c-axis pinning. We believe that
this template technique can be applied not only to perovskite
single-crystal substrates, but also to other types of oxide substrate
or even semiconductor substrate. Indeed, we have demonstrated
that this approach yields high-quality Co-doped Ba-122 films
on an epitaxial STO template grown on (001) Si substrates27,28
with Tc,⇢=0 = 18K,1Tc = 1K and no misoriented grains (see
Supplementary Information). This approach thus greatly expands
substrate choices for high-quality Ba-122 thin films, thus enabling
much broader fundamental property investigations of the newly
discovered ferropnictide superconductors and parent compounds,
as well as exploration of their applications. Furthermore, we expect
that epitaxial thin films of other layered intermetallics could be
successfully grown on various types of oxide substrate by using
similar template-engineering principles.

Methods
Co-doped Ba-122 thin films were grown in situ on various single-crystal substrates
and STO- or BTO-templated substrates using pulsed laser deposition with a KrF
(248 nm) ultraviolet excimer laser in a vacuum of 3⇥10�4 Pa at 730–750 �C.
The base pressure before deposition was 3⇥10�5 Pa, and the deposition took
place at 3⇥10�4 Pa because of degassing of the substrate heater. The Co-doped
Ba-122 target was prepared by solid-state reaction with a nominal composition
of Ba/Fe/Co/As= 1:1.84:0.16:2.2. The magnetization of the films that were about
2mm⇥4mm was measured in a 14 T Oxford vibrating-sample magnetometer
at 4.2 K with the applied field perpendicular to the film surface. Magneto-optical
imaging was used to examine the uniformity of current flow in the films so as to
validate the use of the Bean model for converting the magnetic moment measured
in the vibrating sample magnetometer to Jc assuming current circulation across the
whole sample without granular effects. For a thin film, Jc = 151m/(Vr), where
1m is the width of the hysteresis loop in e.m.u., V is the film volume in cubic
centimetres and r is the radius corresponding to the total area of the sample size,
and was calculated from ⇡r2 = a⇥b (a and b are the film width and length in
centimetres, respectively).
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Ø Co-doped Ba-122 on SrTiO3 template
Ba-Fe-O nano pillar (columnar defects)

measurements were realized on a film prepared in the same
conditions and transferred from the deposition chamber into
the microscope, while preserving ultra high vacuum to avoid
surface contamination. Images were acquired at low temper-
ature in constant current mode.

Several filaments were measured, and the film resulted
to be quite uniform, with variations of the critical current
within 15%. As demonstrated in a previous paper,15 the
Fe(Se,Te) phase grows epitaxially on SrTiO3; for this reason,
we measured filaments with different in-plane orientation
with respect to the crystallographic axes, but no in plane ani-
sotropy was found, neither in the resistivity nor in the critical
fields and critical currents. Filaments with different widths
(from 2 to 16 lm) were also measured and in the above men-
tioned limits of 15%, no dependence of the critical current
densities on the filament width was detected.

The critical current densities of one of the 4 lm wide
filaments versus the magnetic field, applied parallel to the
c-axis, measured at different temperatures are shown in Fig.
1. The values are comparable or higher than those previously
reported,7,8 namely Jc above 105 A/cm2 at 4 K are sustained
at high magnetic field (9 T). Noticeably, the critical current
density decreases as little as from 4! 105 to 3! 105 A/cm2

from 0 to 1 T, indicating absence or negligibility of granular-
ity effects.

In Fig. 2, the critical current densities as a function of
magnetic field at selected temperatures for the magnetic field
parallel and perpendicular to the c-axis are reported. Differ-
ently from what expected from the intrinsic mass anisotropy
of the material17 and from previous measurements of films
deposited on other substrates,7,8 the critical current is larger
when the magnetic field is applied parallel to the c axis at all
temperatures.

In order to better investigate the Jc anisotropy, we per-
formed measurements at different values of the applied mag-
netic field and temperature, rotating the magnetic field
direction around the measured filament. The results are sum-
marized in Fig. 3. A pronounced anisotropy is clearly observed
and a large peak at h¼ 0 (c-axis peak) is present at all tempera-
tures and magnetic fields, indicating the presence of a strong
pinning mechanism. This effect reminds the one observed in

122 films11 and in YBa2Cu3O7-d films with embedded BaZrO3

nanoparticles,14 where nanosized columnar defects have been
observed. It is tempting to conjecture that also in our samples,
this behavior is related to the presence of a network of colum-
nar defects which act as effective pinning centers.

The observation of the presence of a strong vortex pin-
ning mechanism for field parallel to the c axis is supported
by the analysis of the activation energy for vortex motion
U0, extracted from the resistivity curves in the superconduct-
ing transition region. From the Arrhenius plot of these curves
(shown in the inset of Fig. 4), we extracted U0 values, which
are plotted as a function of the inverse of the magnetic field
in Fig. 4. The U0 versus 1/H can be described by a power
law function with a single exponent a# 0.2 in the whole
magnetic field range. For comparison, in Fig. 4, we plot also
data of a film deposited on LaAlO3 substrate, which does not
show the c axis peak in the critical current angular plots.7

These data cannot be fitted by a single exponent, indicating a
crossover of pinning regimes. More generally, a crossover
from individual pinning regime to interacting vortex regime
is always observed in the literature data on U0 in iron based

FIG. 1. (Color online) Jc as a function of field for H//c at different
temperatures.

FIG. 2. (Color online) Jc as a function of field for H//c (open symbols) and
H\ c (filled symbols).

FIG. 3. (Color online) Angular dependence of the normalized critical cur-
rent density at various temperature and fields. A large peak is visible for H//c
indicating the presence of a strong anisotropic pinning mechanism.
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Ø Fe(Se,Te) on SrTiO3

Threading dislocations
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Fig. 2 (Color online) Critical current density Jc as a function of angle of applied
magnetic field for BaFe2As2:P epitaxial films grown at three growth rates, with ȝ0H = 3
T and T = 12 K. 
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Fig. 4. (Color online) Cross-sectional STEM images of BaFe2As2:P epitaxial films 
grown at the growth rates (a) 2.2 Å/s and (b) 3.9 Å/s. The horizontal black arrow on the
side of each figure indicates the heterointerface between the substrate and the 
BaFe2As2:P epitaxial film. The vertical white arrows indicate the vertical defects, and
the slanted black arrows indicate oxygen-rich island structures. Panels (c) and (d) show 
the results of an STEM–EDXS line scan along the horizontal line shown in panels (a) 
and (b), respectively. The dashed shaded region in panel (c) corresponds to the vertical 
defect in panel (a).

Ø P-doped Ba-122 on MgO
Dislocations

disappears as the applied magnetic field increases to 9 T.
Figure 3(a) shows the Jc(θ) under different magnetic fields
(1–9 T) at 4.2 K. It can be seen that the changes in Jc peaks
show three stages in the process of increasing magnetic fields.
At the first stage, the c-axis peak is a little higher than the ab
peak up to 2 T; at the second stage, the c-axis peak is equal to
the ab peak at 3 T; at the third stage, the ab peak is obviously
higher than the c-axis peak within the range from 4 T to 9 T.
Figures 3(b)–(e) illustrate the Jc(θ) under various magnetic
fields (1, 3, 5, 7 and 9 T) at 10, 15, 18 and 20 K. It is apparent
that the relative change between the ab peak and the c-axis
peak is consistent over the whole testing temperature range.
Figures 3(f)–(j) show the angular dependences of Jc normal-
ized with //J H ab

c at different temperatures and magnetic fields.
As proposed by Blatter et al [35], Jc can be scaled with an

effective magnetic field q g q= + -H H cos sin ,eff
2 2 2 1

2( )

where γ is the anisotropy of electron mass and can
be expressed as γ = (mc/mab)1/2 = (λc/λab) = (ξab/ξc) =
(H ab

c2 /H c
c2) (λ is the penetration depth, ξ is the coherence

length and Hc2 is the upper critical field). Although this
expression was initially developed for single-band super-
conductor, recent studies have indicated that the method is
also valid for IBSs regardless of their multiband structures.
The scaling behaviors of Jc as a function of Heff at 4.2 K and
10 K are shown in figure 4(b). Two Jc(θ) peaks at 90° and
180°, which often appear in YBa2Cu3O7 thin films [36], lead
to the divergence of the data in the vicinity of H||ab and H||c
from the green solid curve in figure 4(b). This means that the
mass anisotropy is not the key factor to the Jc anisotropy. As
discussed above, we have hypothesized that there are different
types of pinning centers for the ab plane and the c-axis. This
hypothesis is confirmed by the normalized pinning force
fp = Fp/Fpmax as a function of h = H/Hirr (Hirr is the

Figure 5. The cross-sectional TEM images of Ba122:Co thin films with thickness of 150 nm on CaF2 substrates. (a) Bright field TEM image.
A large number of stacking faults parallel to the ab-plane can be observed. (b)–(d) Show that the distance between two adjacent stacking
faults varies from 5 to 10 nm and a small number of vertical defects are found between stacking faults.

6

Supercond. Sci. Technol. 30 (2017) 025001 P Yuan et al

Figure 3. (a)–(e) show the angular dependence of Jc for the Ba-122:Co films on CaF2 substrates at 4.2, 10, 15, 18 and 20 K under several
magnetic fields. The inset of figure 3(e) shows angular dependence of Jc at 20 K under magnetic fields of 1, 3, 5 T. (f)–(i) Show the angular
dependences of Jc normalized JH//ab at different temperatures and magnetic fields.

4
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Ø Co-doped Ba-122 on CaF2

Stacking faults

S. Lee et al., Nat. Mater. 9 397 (2010). P. Yuan et al., SuST 30 025001 (2017). H. Sato et al., APL 104 182603 (2014). E. Bellingeri et al., APL 100 082601 (2012).
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Natural defects in IBS thin films

Fluoride sub. & low growth temperature 
(~400°C) are the key to epitaxial growth

D. Qin, KI et al., Phys. Rev. Materials 5 014801 (2021).
K. Iida et al., NPG Asia Materials 13 68 (2021).
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APC in IBS thin films
Materials Methods Microstructure Tc (K) Refs.
Co-doped Ba122

Multilayer or Quasi-
multilayer

Ba122 or SrTiO3
insertion

25.4 -> 26.0 [1], [2]

Fe(Se,Te) CeO2 insertion, strain 21.3 -> 20.4 [3]
Co-doped Ba122 BaZrO3 addition to PLD 

targets
Nano BaZrO3 rods 27.1 -> 24.6 (2 mol% BZO) [4]

P-doped Ba122 Nano BaZrO3 particles 26.3 -> 25 (3 mol% BZO) [5]
Co-doped Ba122 BaHfO3 addition to PLD 

targets
Nano BaHfO3 particles 22.0 -> 19.5 (1 mol%BHO) [6]

FeSe SrTiO3 addition to PLD 
targets

Nano SrTiO3 rods not shown [7]

Fe(Se,Te) Proton irradiation Splayed cascade defects 18 -> 18.5 (1×1015 cm-2) [8]
NdFeAs(O,F) 𝛼 −particle irradiation No microstructure 49 -> 46 (5×1015 cm-2) [9]
(Li,Fe)OHFeSe TM (Mn) doping No microstructure 42 -> 37 [10]

[1] S. Lee et al., Nat. Mater. 12 392 (2013).
[2] C. Tarantini et al., Sci. Rep. 4 7305 (2014).
[3] S. Seo et al., NPG Asia Materials 12 7 (2020).
[4] J. Lee et al., SuST 30 085006 (2017).
[5] M. Miura et al., Nat. Commun. 4 2499 (2013).

[6] S. Meyer et al., J. Phys.: Conf. Ser. 1559 012052 (2020).
[7] T. Horide et al., Thi. Sol. Films 733 138802 (2021).
[8] T. Ozaki et al., Nat. Commun. 7 13036 (2016).
[9] C. Tarantini et al., SuST 31 034002 (2018).
[10] D. Li et al., Sust 32 12LT01 (2019).

ü Unlike cuprates, IBSs are robust against irradiation (disorder)
ü For Ba-122, Tc decreases with -1 K/mol% (cf. -0.2~-0.1 K/mol% for REBCO)
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APC in IBS thin films
Target modifications
(BZO nano cylinders)

S. Seo et al., NPG Asia Materials 12 7 (2020).

very small (2 p, smaller than 0.5 unit cell), nanoscale
defects can be formed inside the FST thin film, not the
CeO2 layer, given that the inserted 2 p CeO2 is an infi-
nitesimal amount that is insufficient to form nucleation
clusters or layers inside an FST. These nanoscale defects
can generate nanostrain inside an FST thin film (left side
of Fig. 1). The mechanism is discussed later in detail. If
the inserted CeO2 (20 p, 2.5 unit cell) is sufficient to form
a CeO2 layer in an FST thin film, a CeO2 layer is formed
between the FST layers without nanostrain (right side of
Fig. 1). Thus, a 20 p Ce-FST thin film forms a superlattice
FST thin film with CeO2.
We performed a θ–2θ scan using XRD to identify the

out-of-plane crystalline qualities of the Ce-FST thin films.
Figure 2a shows the out-of-plane θ–2θ XRD spectra of the
P-FST and Ce-FST thin films dependent on p (2, 5, 10,
and 20). The θ–2θ scans clearly show only (00l) peaks for
Ce-FST thin films with CaF2 (00l) peaks. However, there
are no other phase peaks present despite the periodically
injected CeO2 because the amount of CeO2 inserted is too
small to be measured by XRD. Figure 2b shows an
enlarged section of Fig. 2a close to the (001) peak of the
Ce-FST thin films. The (001) peak of 2 p Ce-FST is
noticeably shifted more to the left than that of P-FST,
indicating that 2 p Ce-FST experiences tensile strain
along the c-axis. Intriguingly, the degree of shift of the
(001) peak returns to zero with increasing p. This result
indicates that the strain relaxes in Ce-FST thin films with
increasing p. Additionally, the same shift tendency is
observed in other 00l peaks in Ce-FST thin films (for
further information, see Supplementary Fig. S2).
We additionally measured the θ–2θ of the 2 p Ce-FST

and 20 p Ce-FST thin films using a synchrotron-based
XRD to further verify the crystalline structure (for further
information, see Supplementary Fig. S3). As shown in Fig.
S3, only (00l) peaks are observed in both the 2 p Ce-FST

and 20 p Ce-FST thin films, and the (001) peaks display
satellite peaks, which have been generally observed in
superlattice thin films4. Since 20 p Ce-FST thin films can
have a superlattice structure with CeO2, satellite peaks
can be observed. However, in the 2 p Ce-FST thin film, it
is difficult to form a superlattice structure with the for-
mation of an intact CeO2 layer in the FST matrix because
a trace amount of CeO2 is injected into the FST matrix.
Thus, we speculate that the satellite peaks of the 2 p Ce-
FST thin film are due to small changes, such as nanostrain
at the interfaces between the FST layers.
Additionally, we measured the rocking curve of the

(001) reflection of both the P-FST and 2 p Ce-FST thin
films using four circles of XRD to compare the out-of-
plane crystalline qualities and the mosaicity (Fig. 2c). The
calculated full-width at half-maximum (FWHM) of the
(001) reflection is 0.67° for the 2 p Ce-FST and 0.55° for
the P-FST. The difference between the FWHMs of the P-
FST and 2 p Ce-FST thin films is minimal, and the
FWHM of 2 p Ce-FST is similar to those of other
reported FeSexTe1−x thin films5,9,11. This result indicates
that the 2 p Ce-FST thin film grew well along the c-axis
despite the insertion of oxide materials into the FST
matrix.
To confirm the in-plane texture and epitaxial quality,

we performed an azimuthal phi scan using four circles
of XRD. Figure 2d indicates the azimuthal ɸ scan of the
(113) peak from the CaF2 substrate and the (112) peak
from the 2 p Ce-FST thin film. The ɸ scan of the 2 p
Ce-FST thin film shows clear four peaks with 90°
intervals without extra broader intermediate-angle
peaks. These peaks are 45° with respect to the CaF2
(113) peaks because the [100] FST is parallel to the
[110] CaF2. These results indicate that 2 p Ce-FST has
the characteristics of a genuine epitaxial film with
excellent in-plane texture.

Fig. 1 Schematic of the two types of Ce-FST thin films. An infinitesimal amount of CeO2 (2 p) is injected at the interface between each FST layer
to form nanostrained FST (left side). Sufficient CeO2 (20 p) is injected at the interface between each FST layer to form a CeO2 layer (right side). The
thickness of each FST layer is 20 nm, and the total thickness is 100–110 nm.
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thin film has a lower magnetic field dependence than the
P-FST thin film, although the Tc of 2 p Ce-FST is lower
than that of the P-FST thin film.
We estimated the Hirr and Hc2 of the Ce-FST and P-FST

thin films using the 0.01 ρn criterion and the 0.9 ρn cri-
terion with ρn= ρ(23 K) as a function of the normalized
temperature (t= T/Tonset

c ) to characterize the tempera-
ture dependence of the characteristic fields. (Fig. 5d). The
improved Hirr of 2 p Ce-FST is indicative of the beneficial
effect of the periodic nanostrained region with nanoscale
defects as pinning centers under high magnetic fields. In
contrast, the Hc2 and Hirr of other Ce-FST (5, 10, and 20
p) are degraded after CeO2 insertion, indicating that CeO2

particles and layers can degrade Hirr and Hc2 in an FST
thin film.
The Jc of both the 2 p Ce-FST and the P-FST thin films

was measured to verify the effect of the nanostrain as a
pinning center on the supercurrents in the FST thin films
(Fig. 6). Figure 6a, b shows the magnetic field dependence
magnetization Jc of the 2 p Ce-FST and the P-FST thin
films at various temperatures (4.2, 7, 10, and 12 K) up to
13 T (H//c). The magnetization Jc of the 2 p Ce-FST thin
film has a value of 3.2MA/cm2 in a self-field and

0.44MA/cm2 under 13 T at 4.2 K. The self-field Jc of the 2
p Ce-FST thin film is the highest value for an iron-
chalcogenide superconductor to the best of our knowl-
edge15,32. The magnetization Jc of the P-FST thin film has
a value of 2.3MA/cm2 in a self-field and 0.23MA/cm2

under 13 T at 4.2 K. The magnetization Jc of the P-FST
thin film is similar to and higher than other reported
values15,16,27. The transport Jc of both the P-FST and Ce-
FST thin films was measured at 6 and 10 K to verify the
magnetization Jc derived using the Bean model (Fig. 6c).
The 2 p Ce-FST shows a transport Jc of 3.5MA/cm2 in a
self-field and of 0.44MA/cm2 under 13 T at 6 K, which is
reasonably similar to the magnetization Jc of the Ce-FST
thin film at 4.2 K. The P-FST shows a transport Jc of 0.91
MA/cm2 in a self-field and of 0.10 MA/cm2 under 13 T at
6 K, which is similar to the magnetization Jc of the P-FST
thin film at 7 K.
Additionally, the Jc enhancement was calculated to

confirm the effect of nanostrain in detail based on the
magnetization Jc (for further information, see Supple-
mentary Fig. S8). The Jc enhancement of 2 p Ce-FST
compared with that of P-FST increases from 40% to 120%
up to 5 T and gradually decreases under a high magnetic

Fig. 6 Jc of 2 p and P-FST thin films. Magnetization Jc as a function of the magnetic field (H//c) of a the 2 p Ce-FST and b the P-FST thin films, which
was derived from half magnetization loops at different temperatures (4.2, 7, 10, and 12 K). c Transport Jc as a function of magnetic field (H//c) for both
P-FST and 2 p Ce-FST thin films up to 15 T at 6 and 10 K. d Angular dependence of the transport Jc of 2 p Ce-FST and P-FST evaluated at a constant
reduced temperature t (T/Tc) ~ 0.6.
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there are no CeO2 layers or particles visible. Thus, it is
important to demonstrate why the injected trace amount
of CeO2 forms nanostrain in the FST matrix and why
there are no CeO2 particles in the 2 p CeO2 FST thin film.
In general, nanostrain is induced at various types of

defect perimeters16,18–21. Interestingly, lattice distortion
points (dashed circle in GPA maps of Fig. 3) such as
dislocation cores and damaged FST layers are promi-
nently observed in the nanostrain region in the GPA
image of the 2 p Ce-FST thin film. Additionally, there are

a few nanoscale defects that are formed irrespective of
CeO2 insertion in the FST thin films, as shown in Fig. 3d.
These nanoscale defects can cause nanostrain in FST thin
films. However, it is difficult to form nanostrain over a
broad region by means of only these nanoscale defects
because these defects form a localized strain field18.
To further understand the origin of the nanostrained

region, we analyzed an enlarged STEM image of the
nanostrained region with no lattice distortion points using
EDS mapping. Figure 4a–c shows different STEM images

Fig. 3 STEM and GPA images of FST thin films for strain analysis. a Cross-sectional HAADF-STEM image of the 2 p Ce-FST thin film. b Map of out-
of-plane strain of the 100-nm 2 p Ce-FST thin film determined by GPA of STEM images from the same area in a. Yellow arrows indicate the
nanostrained FST region. c The line profile of the strain in the white rectangular region of b. d Cross-sectional STEM image of the P-FST thin film. e
Map of out-of-plane strain for the 100-nm P-FST thin film determined from GPA of STEM images from the same area in d. f The line profile of the
strain in the white rectangular region of e. g Cross-sectional STEM image of the 20 p Ce-FST thin film. h Map of out-of-plane strain for the 20 p Ce-FST
thin film determined from GPA of STEM images from the same area in g. i The line profile of the strain in the white rectangular region of h. In the
GPA images, the dashed circles represent lattice distortion points. The strain scale bar is the same in all the GPA images. Both the strain contrast at the
CeO2 layer in the GPA map of h and the strain peaks of the line profile in i are artifacts that are caused by the structure difference between FST (PbO-
type structure) and CeO2 (fluorite structure).
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Quasi-multilayer
(strained layers)

have achieved α-values in 2 and 4mol.% BZO-Co-Ba122 thin
films much lower than that of 0 mol.% BZO-Co-Ba122 thin
film, which are as low as 0.15 in the 2 mol.% BZO-Co-Ba122
thin film due to the strong BZO pinning centers. This lower
value of α in 2 mol.% BZO-Co-Ba122 thin film is consistent
with what is seen in YBCO films with BZO incorporation [38].

The pinning force density (Fp) reveals the strong pinning
effect of 2 mol.% BZO doping as shown in figure 4. Fp of the
2 mol.% BZO-Co-Ba122 thin film reaches ∼173 GNm−3 at
12.5 T and 4.2 K, which is the highest value ever reported in
FeSCs. It is much higher than that of previously reported
multilayer (Co-Ba122/BaO-doped Co-Ba122) thin film
(84 GNm−3, Hǁc, 22.5 T and 4.2 K) and BZO-P-Ba122 thin
film (59 GNm−3, Hǁc, 3–9 T and 5 K).

To investigate the origin of the strong pinning effect, the
microstructure of 2 mol.% BZO-Co-Ba122 thin film was
investigated in TEM, as shown in figures 5 and 6. Figure 5(a)
shows the cross sectional image of 2 mol.% BZO-Co-Ba122
thin film. A thin transition layer near the substrate/super-
conductor interface is shown, which was also observed in
previously reported study [29]. In addition, there was contrast
due to BZO nanorods parallel to the c-axis ([001]) in
figure 5(b).

In analogy with BZO:YBCO system [39], during the
growth of thin films, the BZO may form nano-size second
phase in both P- or Co-Ba122 matrix to reduce an interfacial
energy from large mismatch between BZO and Ba122.
However, unlike the previously reported P-Ba122 thin films

Figure 5. Cross-sectional TEM micrographs of 2 mol.% BZO-Co-Ba122 thin films with thickness of 460 nm. (a) Bright field diffraction
contrast TEM micrograph. (b) The fringe contrasts indicate BZO nanorods, which are marked with white arrows. The inset shows an
expanded image of the contrast region due to a BZO nanorod.

Figure 6. Plan-view micrographs of 2 mol.% BZO-Co-Ba122 thin film. (a) TEM diffraction contrast image shows the uniform distribution of
BZO nanorods whose directions are normal to the image. (b), (c) High angle annular dark field scanning TEM (HAADF-STEM) taken along
the [111] zone axis of Ba122 matrix. The average spacing and diameter of BZO nanorods are 10–11 nm and ∼4 nm, respectively.
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Additionally, ρ(T = 300K) of 8 mol.% BZO-Co-Ba122
thin film is much higher than those of 0, 2, and 4mol.%
BZO-Co-Ba122 thin films. Furthermore, the residual resistivity
ratio (RRR) of 8mol.% BZO-Co-Ba122 thin film obtained
from ρ(T = 300 K)/ρ(Tc) is 1.43 which is much lower
than those (1.73 and 1.77, respectively) of 2 and 4mol.%
BZO-Co-Ba122 thin films. This low RRR value might be due
to disturbed electric current path in the Ba122 matrix, which is
due to electron scattering by excess BZO phase. These results
indicate that Co-Ba122 thin film can accept BZO with 2%–4%
mole fraction without severe degradation of film quality such as
Tc suppression [22].

Figure 3 shows Jc as a function of magnetic field perpend-
icular to the film up to 14 T at 4.2 K and the Jc enhancement
ratio, determined as J J J .c

BZO Co Ba122
c
Co Ba122

c
Co Ba122-( )‐ ‐ ‐ ‐

The magnetization Jc shown in figure 3(a) was calculated by the
Bean model [36] from the measured M-H loops (see figure S2
in supplementary material). Jc of 0mol.% BZO-Co-Ba122 thin
film approaches 2.9MA cm−2 at self-field, comparable to those
of previously reported transport Jc value of Co-Ba122 thin
film (330 nm) on CaF2 substrate [29]. Jc of 2 and 4mol.%
BZO-Co-Ba122 thin films are higher than that of 0mol.%
BZO-Co-Ba122 thin film under high magnetic field, whereas
8mol.% BZO-Co-Ba122 is lower. Remarkably, the Jc of 2mol.%
BZO-Co-Ba122 thin film is as high as ≈1.3MA cm−2 at 13 T,
which is the highest value ever reported among FeSCs thin
film at 13 T and 4.2 K. The Jc enhancement ratio of 2 mol.%
BZO-Co-Ba122 thin film is as high as 1400%, and interestingly,
it gradually increased with increasing magnetic field, suggesting
the presence of strong pinning centers with a matching field
exceeding the maximum applied field. However, the field
dependence of Jc of the 8mol.% BZO-Co-Ba122 thin film
has a rapid decay rate, even stronger than for the 0mol.%
BZO-Co-Ba122 thin film and its self-field Jc is more than one

order of magnitude smaller, suggesting that the suppressed Tc is
playing a major role in the 8mol.% BZO bad performance.

To determine the Jc decay ratio in magnetic field, we
replot the data in figure 3(a) using a log–log scale, shown in
figure 3(b). This log–log scale can be divided in three different
trend regions (see linear fitting region in figure S3 of supple-
mentary material): an approximately constant Jc at low field
(μ0H < 0.1 T), a power-law (Jc ∝ H−α) region at intermediate
field up to the arrows shown in figure 3(b), and a steep Jc decay
region at high field. The magnitude of α indicates the rate of
decrease with increasing field in the power-law region: the
smaller α corresponds to the slower decrease [37]. In the Jc ∝
H−α regime, a value of α ∼ 0.5 has been reported for both
undoped YBCO and pnictide superconductors, and it is also
observed in our 0 mol.% BZO-Co-Ba122 thin film [27]. We

Figure 3. Jc as a function of magnetic field and its Jc enhancement. (a) Magnetization Jc as a function of magnetic field at 4.2 K with the field
applied perpendicular to the plane. Inset: Jc enhancement ratio compared with 0 mol.% BZO-Co-Ba122 thin film. (b) The log–log scale
replotted from figure 3(a): plateau region at low field (μ0H < 0.1 T), a power-law region (Jc ∝ H−α) at intermediate field (see different arrows
depending on mol.% of BZO).

Figure 4. Pinning force Fp for 0, 2, 4 mol.% BZO-Co-Ba122 thin
film at Hǁc and 4.2 K.
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J. Lee et al., SuST 30 085006 (2017).

there are no CeO2 layers or particles visible. Thus, it is
important to demonstrate why the injected trace amount
of CeO2 forms nanostrain in the FST matrix and why
there are no CeO2 particles in the 2 p CeO2 FST thin film.
In general, nanostrain is induced at various types of

defect perimeters16,18–21. Interestingly, lattice distortion
points (dashed circle in GPA maps of Fig. 3) such as
dislocation cores and damaged FST layers are promi-
nently observed in the nanostrain region in the GPA
image of the 2 p Ce-FST thin film. Additionally, there are

a few nanoscale defects that are formed irrespective of
CeO2 insertion in the FST thin films, as shown in Fig. 3d.
These nanoscale defects can cause nanostrain in FST thin
films. However, it is difficult to form nanostrain over a
broad region by means of only these nanoscale defects
because these defects form a localized strain field18.
To further understand the origin of the nanostrained

region, we analyzed an enlarged STEM image of the
nanostrained region with no lattice distortion points using
EDS mapping. Figure 4a–c shows different STEM images

Fig. 3 STEM and GPA images of FST thin films for strain analysis. a Cross-sectional HAADF-STEM image of the 2 p Ce-FST thin film. b Map of out-
of-plane strain of the 100-nm 2 p Ce-FST thin film determined by GPA of STEM images from the same area in a. Yellow arrows indicate the
nanostrained FST region. c The line profile of the strain in the white rectangular region of b. d Cross-sectional STEM image of the P-FST thin film. e
Map of out-of-plane strain for the 100-nm P-FST thin film determined from GPA of STEM images from the same area in d. f The line profile of the
strain in the white rectangular region of e. g Cross-sectional STEM image of the 20 p Ce-FST thin film. h Map of out-of-plane strain for the 20 p Ce-FST
thin film determined from GPA of STEM images from the same area in g. i The line profile of the strain in the white rectangular region of h. In the
GPA images, the dashed circles represent lattice distortion points. The strain scale bar is the same in all the GPA images. Both the strain contrast at the
CeO2 layer in the GPA map of h and the strain peaks of the line profile in i are artifacts that are caused by the structure difference between FST (PbO-
type structure) and CeO2 (fluorite structure).
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Proton irradiation
(splayed cascade defects)

T. Ozaki et al., Nat. Commun. 7 13036 (2016).
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Mn-doped (Li,Fe)OHFeSe (11111) thin films

Li et al., Supercond. Sci. Technol. 32, 12LT01 (2019).

ØSuppression of broadening

ØSignificant enhancement of Fp

ØDecrease in Tc (42 K -> 37 K)
ØLow RRR (42 -> 13)

19

Fig. 5. H-T vortex phase diagram of (Li,Fe)OHFeSe superconductor (Tc = 42.0 K). The 
phase diagram puts stress on the quasi-2D nature of the vortex liquid and solid states, as well
as the new red dashed line of the dimensional crossover field H2D(T) (red circles). The routine
irreversibility field Hirr(T) and upper critical field Hc2(T) are represented by the greeen and
black circles, respectively. The quasi-2D (pancake) and 3D vortex solid states are schematically 
illustrated by the corresponding insets. The gray circles represent the positions of Jc,max(H, T).

The zero-temperature threshold 𝐻2D0K ~ 1 kOe is indicated in the vertical axis, and the zero-
field BKT TBKT = 42.1 K and mean-field SC 𝑇c′ = 43.2 K are indicated in the horizontal axis
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Thermodynamic approach + APC

Miura, M. et al. Figure 2

 

Figure 2| Carrier density dependence of critical temperature (Tc) and depairing current density (Jd).
Dependence of Tc (top panel) and Jd (bottom panel) for a Cu-based Hg1201 [13, 14], b Cu-based Y123 [3, 

17, 18], c Fe-based 11-type [15, 16] and d Fe-based 1111-type [19, 20]. The solid curves represent

measurements from the citations, whereas the dashed segments in b and d (bottom panel) are from our 

unpublished data. Note that Jd in Fig. 2d is calculated based on and ξ, which are experimentally obtained 

from this work (see Fig. 3). Notice that, for the 1111-type Fe-based material, though the peak in Jd and Tc, do 

not occur at the same doping level, the broad Tc-doping dome enables sufficiently high doping to reach the Jd

peak with a minimal decrease in Tc from its max. Note that the QCP in the 11-type superconductor has only 

been observed in a bulk sample [15].
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M. Miura, K. I. et al., Nature Materials (2024).𝐽- 𝑇 =
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Solubility limit in SmFeAsO
358 S. Iimura et al. / Journal of Asian Ceramic Societies 5 (2017) 357–363

Fig. 1. (a, b) Crystal structure and phase diagram of SmFeAsO. (c, d) Sample cell assemblies for the single crystal growth using the Na3As flux and the synthesis of polycrystalline
samples, and the crystal growth using the 3NaH + As or Na3As + 3NaH + As flux. Light yellow, black, while, green, blue, and grey regions denote the 90 wt%NaCl + 10 wt%ZrO2,
graphite, BN, sample (+ flux) pellet, mixture of NaBH4 and Ca(OH)2, and Mo discs, respectively.

chemical composition analyses on both the oxygen and hydro-
gen, and a neutron diffraction measurement on the deuterium
substituted sample demonstrate the substitution of hydrogen for
the oxygen site [10,11]. Moreover, density functional theory cal-
culations and the Hall coefficient measurement confirm that the
hydrogen in the oxygen site behaves as an anion, and supply an
electron to the Fermi level composed mainly of Fe-3d orbitals
[11,12]. Currently, therefore, this method serves an only way to
enable to investigate the electronic phase diagram of 1111-type,
covering the AFM phase at x ∼ 0 (AFM1), the superconducting phase
in the x ranging 0.05 ≤ x ≤ 0.45 (SC), and the overdoped regime
with x > 0.45. It was our surprise to see a structural transition from
the tetragonal to a unique orthorhombic structure in AFM2 phase
(Fig. 1b) [13–15].

Despite of these recent progress in the synthetic methods and
the attracting physical properties, the single crystal growth of
1111-type compounds has been a difficult task because of a lack
of effective flux and their severe synthesis condition requiring
high temperature. Karpinski’s group have adopted a high temper-
ature and high pressure technique and succeeded in the growth
of fluorine substituted 1111-type single crystals using NaCl/KCl
as a flux [16–18]. This method has several advantages in com-
parison with the conventional ampoule method, since it avoids
vaporization losses and allows control of the composition even
at the high temperatures required for single-crystal growth. How-
ever, even at optimal conditions, the growth rate and the doping
level are extremely low. Furthermore bipolar nature of hydrogen in
REFeAsO1−xHx raises the difficulty [19]. In order to clarify the nature
of highest Tc superconductivity in REFeAsO1−xHx, it is imperative to
establish a new growth condition of the 1111-type and investigate
the physical properties using the single crystal.

Here, we report the flux growth and the characterization of
crystal structure and physical properties of single crystals of the
highest Tc superconductor SmFeAsO1−xHx. We undertake factors
controlling the crystal growth, including the kinds of flux, synthesis
pressure and starting chemical composition, and report the results
of resistivity, susceptibility, and Hall coefficient measurements on
the single domain crystal fabricated by the focused ion beam (FIB)
technique.

2. Experimental

2.1. Single crystal growth

Single crystals of SmFeAsO1−xHx were grown using a mixture of
precursors, Sm2O3, SmH2, SmAs, Fe2As, and FeAs, according to the
equation [10]:

(x + 2)SmAs + 2(1 − x)Sm2O3 + 3xSmH2

+ (x + 2)Fe2As + 2(1 − x)FeAs → 6SmFeAsO1−xHx.

The precursors were grounded with Na3As, 3NaH + As, or their
mixture flux in a dehydrated silica glass agate mortar for 1 h inside
an Ar-filled glovebox. The mixture was precompressed with a load
of 4 MPa to form a pellet (6 mm in diameter and 2.5 mm in thick-
ness) and afterward loaded into the sample units for the high
pressure synthesis. Fig. 1c and d provide the schematic illustration
of the sample cell assembly for belt-type high pressure apparatus
used in this study. The sample cell is mainly composed of 90 wt%-
NaCl and 10 wt%-ZrO2. The graphite sleeve is used as a resistance
heater touching two Mo discs for electric lead below and above the
cell. The boron nitride (BN) sleeve of 6 mm (7 mm) in inner (outer)
diameter and 8 mm in length is inserted to the NaCl (+10 wt%ZrO2)
tube, and the sample pellet is placed inside the BN crucible. For
the single crystal growth using the Na3As flux and the synthesis of
polycrystalline samples, two pellet (6 mm in diameter and 2 mm
in thickness) of mixture of NaBH4 and Ca(OH)2 with a molar ratio
of 1:2 was placed below and above the sample pellet (Fig. 1c) to
supply excess hydrogen through the following reaction [20,21]:

NaBH4 + 2Ca(OH)2 → NaBO2 + 4H2↑ .

For the crystal growth using the 3NaH + As or Na3As + 3NaH + As
flux, we adopted a more simple assembly shown in Fig. 1d, since we
assumed that the flux itself releases the excess hydrogen through
the following reaction:

3NaH + As → Na3As + 3/2 H2↑ .

S. Iimura et al., J. Asia Ceramic Societies 5, 357 (2017).

SmFeAsO1-xFx
SmFeAsO1-xHx

O!" → 𝐅" or 𝐇"+𝑒" (electron doping)

LnFeAsO (Ln: lanthanoide)

• Substitution level is limited up to ~0.2

(For SmFeAsO1-xFx)

• For H, the substitution level is increased
up to ~0.8

• Heavily electron doping can be achieved
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Thermodynamic approach + APC for SmFeAs(O,H)

Topotactic reaction

H- O2- CaH2 powder
LnFeAsO

~450oC 
up to 72 h

vacuum

annealing

LnFeAsO grown by 
PLD or MBE K. Kondo, K.I. et al., SuST 33, 09LT01 (2020).

M. Miura, K. I. et al., Nature Materials (2024).

Pristine Proton irradiation

20 nm

Comparable to YBCO CC
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Current status of the best-performing Jc-H (single xtal. sub.)

Line w/ data points: transport Jc

Solid thick lines: magnetic Jc

Ø Self-field Jc for all IBS exceed
3 MA/cm2, even for Fe(Se,Te)

with Tc=20 K
Ø The highest self-field Jc of

over 17 MA/cm2 was achieved
with NdFeAs(O,H)

Ø In-field Jc was remarkably

improved in SmFeAs(O,H) w/
proton irradiation

Ø Constant Jc of 0.4 MA/cm2 up
to 30 T for Mn-doped

(Li,Fe)OHFeSe
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Overview

1. Iron-based superconductors (IBSs)

• Physical properties

2. Tuning of the superconducting properties
• SC transition temperature (strain, monolayer, intercalation, EDLT)

• Grain boundary, GB
• Critical current density (natural defects, APC, thermodynamic approach)

3. Progress Toward applications

• Use of IBS wires and bulks in magnets, and perspective
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field Jc is 2.6 MA·cm-2, which is comparable to the Fe(Se,Te) film on the single crystal

substrate[18]. Although both Ic and Jc decrease with increasing magnetic field due to flux 

creep, the values even at 10 T have reached or exceeded the results of the Fe(Se,Te)

films in situ grown on IBAD or RABiTS tapes.

Figure 3 (a) End-to-end Ic at 4.2 K and self-field of one meter long Fe(Se,Te) coated

conductor and (b) the Ic and Jc as a function of magnetic fields up to 10 T with H//c at 

4.2 K for short sample.

In order to estimate the upper critical field, a magnetic field was applied during R-

T measurements by the four-probe method in a physical property measurement system

(Quantum Design PPMS-9T). The in-field transport measurements up to 9T (H // c) are

demonstrated in Figure 4(a). The Fe(Se,Te) film has a transition from 17.5 K (Tc
onset) 

to 17 K (Tc
zero) at 0 T and the transition is very sharp. The irreversibility line Hirr(T) and

upper critical field Hc2(T) extrapolated with the Tc
zero and Tc

onset respectively are plotted. 

We determined the Tc
zero and Hirr using 0.01ρ(20 K) criteria and Hc2 using 0.9ρ(20 K)

criteria. The upper critical field was estimated by the Werthamer-Helfand-Hohenberg
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end-to-end
(1 m long)

Ic~108 A

Fe(Se,Te) tapes
1 m long Fe(Se,Te) coated conductor

Ø multi turn PLD system, operating at f=20-60 Hz

Ø FeSe0.4Te0.6 target, 𝜙 = 60 mm, 𝑡 = 8 mm

Ø Self-field Ic~108 A @ 4.2 K (1 m tape, Tc=17.5 K)
Ø Short sample: Self field Ic~175 A corresponding to Jc~2.3 MA/cm2

target to the substrate is generally acknowledged to be one of the major advantages in 

the PLD process. Unfortunately, stoichiometric transfer is not fully guaranteed for

volatile species of Se and Te with their strong tendency of vaporization. A violation of 

the stoichiometric transfer can appear during the sputtering of the target, the plume

expansion, and the nucleation. So actual Se and Te contents in Fe(Se,Te) films may

deviate from the nominal target composition.

Figure 1 (a) Sketch of reel to reel PLD, (b) photo image of one-meter-long Fe(Se,Te)

coated conductor, (c) structure diagram of Fe(Se,Te) coated conductor, (d) SEM image

of Fe(Se,Te) film, and (e) AFM image of Fe(Se,Te) film.

2.2 Microstructure analysis

X-ray Diffraction (XRD) was used to analyze the crystalline structure of the grown 

films. Figure 2(a) shows the θ-2θ XRD pattern of the Fe(Se,Te) film. The peaks are all

corresponding to the (00l) peaks of Fe(Se,Te) tetragonal phase, which indicate that the 
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~320 nm

L. Liu et al., Adv. Eng. Mater. 25 2201536 (2023).

Detailed in 2MOr2A-06,-07 
by H. Liu & Y. Li

field Jc is 2.6 MA·cm-2, which is comparable to the Fe(Se,Te) film on the single crystal

substrate[18]. Although both Ic and Jc decrease with increasing magnetic field due to flux 

creep, the values even at 10 T have reached or exceeded the results of the Fe(Se,Te)

films in situ grown on IBAD or RABiTS tapes.

Figure 3 (a) End-to-end Ic at 4.2 K and self-field of one meter long Fe(Se,Te) coated

conductor and (b) the Ic and Jc as a function of magnetic fields up to 10 T with H//c at 

4.2 K for short sample.

In order to estimate the upper critical field, a magnetic field was applied during R-

T measurements by the four-probe method in a physical property measurement system

(Quantum Design PPMS-9T). The in-field transport measurements up to 9T (H // c) are

demonstrated in Figure 4(a). The Fe(Se,Te) film has a transition from 17.5 K (Tc
onset) 

to 17 K (Tc
zero) at 0 T and the transition is very sharp. The irreversibility line Hirr(T) and

upper critical field Hc2(T) extrapolated with the Tc
zero and Tc

onset respectively are plotted. 

We determined the Tc
zero and Hirr using 0.01ρ(20 K) criteria and Hc2 using 0.9ρ(20 K)

criteria. The upper critical field was estimated by the Werthamer-Helfand-Hohenberg
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short sample, H||c
~175 A, 
~2.3 MA/cm2

S. Wei et al., Sust 36 04LT01 (2023). 

Figure 3. The maximum stress on the FeSe0.5Te0.5 coil and the YBCO coils at the Ic of FeSe0.5Te0.5

tapes.

Figure 4. (a)The outer view of FeSe0.5Te0.5 strengthen encapsulated tape, (b)The FeSe0.5Te0.5 single
pancake coil, (c)The insert hybrid magnet, and (d)Part of the testing device.
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Fe(Se,Te) tapes

M. Putti, M. Iebole, P. Manfrinetti, M. Meinero, G. Sylva
University of Genova

V. Braccini, E. Bellingeri, C. Bernini, M. Cialone, G. Grimaldi, A. Leo, M. Lisitskiy, 
A. Malagoli, N. Manca, A. Martinelli, I. Pallecchi, L. Piperno, A. Provino
CNR - SPIN

E. Silva, A. Alimenti, N. Pompeo, K. Torokhtii
University of Roma Tre

L. Gozzelino, M. Fracasso, R. Gerbaldo, G. Ghigo, F. Laviano, A. Napolitano, D. 
Torsello
Politecnico of Torino

G. Celentano, A. Vannozzi, A. Augieri, A. Angrisani, A. Mancini, A. Rufoloni
ENEA Frascati

Realising a cheap, Fe(Se,Te) Coated Conductor

courtesy by M. Putti & V. Braccini

• Thick films of Fe(Se,Te) by e-depo

Reported by L. Piperno
(1MOrB-02, 2/9)

• Irradiation effects on Fe(Se,Te) films

Reported by M. Iebole & F. Rizzo
(1MOr1B-03, -04, 2/9)

• Pinning mechanism
Microwave vortex motion in FeSe

Reported by N. Pompeo
(1MOr1B-05, 2/9) 37
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(Ba,K)122 wires and magnets
100 m-long, 7-core Ba122 tapes

C. Dong et al., National Science Rev. 11 nwae122 (2024).

Double Pancake Coils 7 DPCs

(Ba,K)122 high field insert coil

Measured field: 21.03 T
Background field: 20 T

H. Ding et al., Sust 36 11LT0101 (2023).

World first Tesla class coil 
using IBSs

Natl Sci Rev, 2024, Vol. 11, nwae122

Table 1. Price ($/liter) and superconducting properties of candidate superconductors for high-field applications [93]. The IBS
represented by BaK122 superconductors are highlighted in bold. The production-grade NbTi, Nb3Sn, Bi2212, REBCO wires
and tapes are quoted here. Small high-field magnets fabricated at the National High Magnetic Field Laboratory (NHMFL) take
one liter of conductors. The critical current density at 4.2 K and 20 T is present.
Material P factor Price per liter ($) Tc (K) µ0Hc2 (4.2 K) Jcintra (A/cm2) Jcinter (A/cm2) JE (A/cm2)

Nb-Ti 3 ∼2× 103 9.2 11 T n/a 0 0
Nb3Sn 6–7 ∼1.5× 104 18 26T n/a ∼4× 104 ∼2.8× 104

Bi-2212 ∼10 ∼1× 105 85 ∼100 T n/a ∼6× 105 ∼1.2× 105

REBCO >>10 ∼1× 105 92 >120T ∼2× 106 ∼2× 106 ∼4.2× 104

BaK122 ∼10 < 4× 103 39 ∼90T ∼6× 105 ∼104–105 ∼(0.15–2)×104

Figure 9. (a) 100-m long BaK122 tapes fabricated by the Institute of Electrical Engi-
neering, Chinese Academy of Sciences (IEE, CAS). (b) Field dependence of Jc. The inset
shows the transverse cross-section of the tapes. (c) Jc homogeneity of the long tapes.
(d) Development of Jc(4.2 K, 10 T) of the 100-m long tapes since 2016.

The Ic retention of the SS/Ag mono-fil. tapes was
measured after bending on a mandrel. There is no
obvious drop until Rb < 30 mm [106]. Compara-
tively, the Ic of the Bi2223 tapes laminated by copper
alloys after double-bending on a mandrel starts to
decrease below 60mm [107]. It seems that BaK122
tapes have better Ic retention than that of the Bi2223
tapes at the same bending diameter. However, it
is noteworthy that different testing methods were
applied.

The thermal-quench stability of long wires and
tapes is vitally important for applications. Two cru-
cial parameters, specific heat (C) and thermal con-
ductivity (κ)of thewires and tapes areof great signif-
icance for magnet design. As shown in Fig. 8(d)i, the
C of the bare superconducting core exhibits an ob-
vious jump at Tc [108]. This jump is masked by the
largeC of the Ag sheath, as shown in Fig. 8(d)ii. The
C of the IBS tapes is similar to that of the Bi2212wire

because of the similar Ag-based sheath materials.
The thermal conductivity κ of the superconducting
core is only∼1–2W/(mK).While the κ of the pure
metal (Cu and Ag) is as large as ∼1000 W/(m K)
[97,111]. The κ ofmetal sheaths is reduced by orders
after impurity elements are doped. Consequently,
the thermal properties of the wires and tapes are
mainly determined by the sheath materials. For in-
stance, the κ of the composite tapes can be changed
from 1000 W/(m K) to 1 W/(m K) by modifying
the conductor architectures (Fig. 8(d)iii). But pre-
cautions must also be taken to prevent elements’ in-
terdiffusion across the sheath/sheath and the fila-
ment/sheath interfaces. Kováč et al. compared the
AC loss of the mono- and 7-fil. BaK122 tapes via the
calibration-free method [112]. It was found that the
eddy current losses are significant in the highly con-
ductive Ag-sheathed tapes. After the resistive AgSn
outer sheath is applied, the eddy current loss is sup-
pressed. This result also highlights the importance of
choosing the appropriate sheath materials to dimin-
ish AC loss.

APPLICATIONS OF IRON-BASED
SUPERCONDUCTING LONGWIRES AND
TAPES
The first 100-m long tapes were fabricated in 2016
by the scalable flat-rolling process [113]. After years
of development and design, especially the advances
in the quality and quantity of precursor powders, the
performance of the 100-m long tapes has been pro-
gressively improved, as shown in Fig. 9(d). In 2022,
the Jc of the100-m longAgSn/Ag tapes had achieved
6.6 × 104 A/cm2 (Ic = 210 A) at 4.2 K and 10 T.
The long tapes exhibit a homogeneous Jc distribu-
tion with a small fluctuation of∼2.6%.

The persistent current operation of supercon-
ducting magnets inMRI and NMR systems requires
superconducting joints with low resistance. The
mono-fil. BaK122 superconducting joints have been
fabricated by the peeling-off method or the angle-
polishing method, as shown in Fig. 10(g) [114,115].
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Table 1. Price ($/liter) and superconducting properties of candidate superconductors for high-field applications [93]. The IBS
represented by BaK122 superconductors are highlighted in bold. The production-grade NbTi, Nb3Sn, Bi2212, REBCO wires
and tapes are quoted here. Small high-field magnets fabricated at the National High Magnetic Field Laboratory (NHMFL) take
one liter of conductors. The critical current density at 4.2 K and 20 T is present.
Material P factor Price per liter ($) Tc (K) µ0Hc2 (4.2 K) Jcintra (A/cm2) Jcinter (A/cm2) JE (A/cm2)

Nb-Ti 3 ∼2× 103 9.2 11 T n/a 0 0
Nb3Sn 6–7 ∼1.5× 104 18 26T n/a ∼4× 104 ∼2.8× 104

Bi-2212 ∼10 ∼1× 105 85 ∼100 T n/a ∼6× 105 ∼1.2× 105

REBCO >>10 ∼1× 105 92 >120T ∼2× 106 ∼2× 106 ∼4.2× 104

BaK122 ∼10 < 4× 103 39 ∼90T ∼6× 105 ∼104–105 ∼(0.15–2)×104

Figure 9. (a) 100-m long BaK122 tapes fabricated by the Institute of Electrical Engi-
neering, Chinese Academy of Sciences (IEE, CAS). (b) Field dependence of Jc. The inset
shows the transverse cross-section of the tapes. (c) Jc homogeneity of the long tapes.
(d) Development of Jc(4.2 K, 10 T) of the 100-m long tapes since 2016.

The Ic retention of the SS/Ag mono-fil. tapes was
measured after bending on a mandrel. There is no
obvious drop until Rb < 30 mm [106]. Compara-
tively, the Ic of the Bi2223 tapes laminated by copper
alloys after double-bending on a mandrel starts to
decrease below 60mm [107]. It seems that BaK122
tapes have better Ic retention than that of the Bi2223
tapes at the same bending diameter. However, it
is noteworthy that different testing methods were
applied.

The thermal-quench stability of long wires and
tapes is vitally important for applications. Two cru-
cial parameters, specific heat (C) and thermal con-
ductivity (κ)of thewires and tapes areof great signif-
icance for magnet design. As shown in Fig. 8(d)i, the
C of the bare superconducting core exhibits an ob-
vious jump at Tc [108]. This jump is masked by the
largeC of the Ag sheath, as shown in Fig. 8(d)ii. The
C of the IBS tapes is similar to that of the Bi2212wire

because of the similar Ag-based sheath materials.
The thermal conductivity κ of the superconducting
core is only∼1–2W/(mK).While the κ of the pure
metal (Cu and Ag) is as large as ∼1000 W/(m K)
[97,111]. The κ ofmetal sheaths is reduced by orders
after impurity elements are doped. Consequently,
the thermal properties of the wires and tapes are
mainly determined by the sheath materials. For in-
stance, the κ of the composite tapes can be changed
from 1000 W/(m K) to 1 W/(m K) by modifying
the conductor architectures (Fig. 8(d)iii). But pre-
cautions must also be taken to prevent elements’ in-
terdiffusion across the sheath/sheath and the fila-
ment/sheath interfaces. Kováč et al. compared the
AC loss of the mono- and 7-fil. BaK122 tapes via the
calibration-free method [112]. It was found that the
eddy current losses are significant in the highly con-
ductive Ag-sheathed tapes. After the resistive AgSn
outer sheath is applied, the eddy current loss is sup-
pressed. This result also highlights the importance of
choosing the appropriate sheath materials to dimin-
ish AC loss.

APPLICATIONS OF IRON-BASED
SUPERCONDUCTING LONGWIRES AND
TAPES
The first 100-m long tapes were fabricated in 2016
by the scalable flat-rolling process [113]. After years
of development and design, especially the advances
in the quality and quantity of precursor powders, the
performance of the 100-m long tapes has been pro-
gressively improved, as shown in Fig. 9(d). In 2022,
the Jc of the100-m longAgSn/Ag tapes had achieved
6.6 × 104 A/cm2 (Ic = 210 A) at 4.2 K and 10 T.
The long tapes exhibit a homogeneous Jc distribu-
tion with a small fluctuation of∼2.6%.

The persistent current operation of supercon-
ducting magnets inMRI and NMR systems requires
superconducting joints with low resistance. The
mono-fil. BaK122 superconducting joints have been
fabricated by the peeling-off method or the angle-
polishing method, as shown in Fig. 10(g) [114,115].
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(Ba,K)122 bulks fabricated by data- & researcher driven 
process design

A. Yamamoto et al., NPG Asia Mater. 16 29 (2024).

Detailed in 2MOr2A-01 
by A. Yamamoto

Bulk-1 Bulk-2

Conceptual schematic of the complementary 
data- and researcher-driven process designs

~20-30 nm
~20-30 nm
~100-300 nm
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CaKFe4As4 (1144) bulk samples

Hybrid phase between AeFe2As2 (Ae = Ca, Sr) and 
AFe2As2 (A=K, Rb, Cs)

A. Iyo et al., J. Am. Chem. Soc. 138 3410 (2016).

Tc~36 K w/o doping

3

grain alignment. To further improve the Jc of IBS bulks, it is desirable to investigate the effect of the

grain alignment (factor (iii)) in addition to improving the phase purity and density.

Recently, a Ba(Fe1-xCox)2As2 bulk with c-axis texture (the c-axes of grains are aligned along the

pressure applied to pelletize powder) was synthesized using a powder prepared by grinding single

crystals [10]. The Jc values of the c-axis textured bulk reached 87 kA cm-2 (26 kA cm-2) at 4.2 K and 

s.f. (5 T), demonstrating the effectiveness of grain alignment. However, this method requires the

growth of large single crystals prior to bulk fabrication, which may become a bottleneck for large bulk 

fabrication (e.g., 50 mm in diameter) in the future. Here, we focus on a technique called spark plasma

texturing (SPT) [11], which is relatively simple and can be applied to large bulk fabrication. SPT is

defined as an edge-free SPS technique (Fig. 1(b)), where a pre-sintered sample with sufficient

mechanical resistance is placed in a large die. This setup allows for the deformation of the sample

perpendicular to the pressure direction, leading to grain alignment. It has been demonstrated that highly

textured bulks can be obtained using SPT techniques, such as thermoelectric Ca3Co4O9 [11] and

superconducting Bi2Sr2Ca2Cu3O10 ceramics [12].

Fig. 1 Schematic of the process of (a) SPS and (b) SPT, and expected grain orientation in bulk for each
process.

Pre-sintered bulk

(a) Spark Plasma Sintering (SPS)

(b) Spark Plasma Texturing (SPT)

Powder

Pressure

Graphite die

Randomly oriented 

Textured

Current pulse
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Ø The c-axis textured 1144 was realized
Ø A self-field Jc of reached 12 kA/cm2,

which is comparable to that of K:Ba122
bulks

S. Ishida et al., J. Alloy. Compd. 961 171093 (2023).
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Current status of Jc-H plots for IBSs tapes (short samples)

Ø Fe(Se,Te)/IBAD-MgO showed
the highest Jc in low field

regime although Tc is the
lowest

Ø In-field Jc of K-doped Ba122
tape was superior to that of the
P-doped Ba122/IBAD-MgO
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Perspective (still mature… but )

>20 T at 4.2 K or >10 T at 20-30 K

J. Shimoyama Sust 27 044002 (2014).

The cost of IBS wire can be four to 

five times lower than that of Nb3Sn, 

making it more expensive than NbTi,  
but with much higher critical 

parameters than Nb3Sn.

Superconductor Science and Technology

Supercond. Sci. Technol. 32 (2019) 070501 (3pp) https://doi.org/10.1088/1361-6668/ab1fc9

Viewpoint

Constructing high field magnets is a real
tour de force
Jan Jaroszynski
National High Magnetic Field,
Laboratory, Tallahassee, FL,
32310, United States of America
E-mail: jaroszy@magnet.fsu.edu

This is a viewpoint on the letter by Dongliang Wang et al (2019 Supercond. Sci.
Technol. 32 04LT01).

Following the discovery of superconductivity in 1911, Heike Kamerlingh
Onnes foresaw the generation of strong magnetic fields as its possible application.
He designed a 10 T electromagnet made of lead–tin wire, citing only the difficulty
in obtaining ‘relatively modest financial support’ for his laboratory in Leiden.
However, he soon found [1] that superconductivity disappears in the presence of a
magnetic field above a critical value Hc, or a current density above a critical limit,
Jc. For all known superconductors of the time, these critical values were low,
making fabrication of strong magnets impossible.

It took half a century, and the investigation of thousands of different super-
conducting metals, compounds, and alloys [2], until the useful superconductors
Nb3Sn [3] and NbTi [4], with a high Hc and Jc, were found. Within a short time,
kilometer lengths of Nb3Sn wire were fabricated and the first 6 T ‘supermagnet’
was tested the same year. During the following decades, these low temperature
superconductors (LTS) entered their industrial phase. NbTi magnets are the most
widely used, taking ∼80% of the market, while NbTi + Nb3Sn magnets are used
where fields above 10 T are needed. The record magnetic field generated by LTS is
23.5 T [5].

Meanwhile, a microscopic theory of superconductivity (Bardeen–Cooper–
Schriffer) in 1957 [6] made it possible to understand the phenomenon of LTS,
however, this new theory had only a minor impact on the search for new super-
conducting materials.

After the discovery of high-temperature superconductors (HTS) in 1986 [7], it
took around 30 years to construct prototypes of 32 T [8], and more [9], only
partially HTS magnets. Despite intensive efforts by the HTS community, high-
temperature superconductivity still lacks a widely accepted microscopic model.

At present, long superconducting wires are only produced from six super-
conductors: NbTi, Nb3Sb, MgB2, Bi2223, Bi2212 and REBCO. Only wires of Nb
compounds are used industrially, with intensive work on Nb3Sn optimization still under
way. The other materials are still considered in the research and development phase.

Thus, the discovery of a new class of iron based superconductors (IBS) in
2008 [10] opened the doors to a new perspective for microscopic models.
Intensive studies show that IBS phenomenology and superconducting parameters
bridge the gap between conventional superconductors and cuprates and may be
helpful in explaining the latter. From a practical point of view, IBS are ideal
candidates for applications. Indeed, some of them have quite a high critical current
density, even in strong magnetic fields, and a low superconducting anisotropy.
Moreover, the cost of IBS wire can be four to five times lower than that of Nb3Sn,
making it more expensive than NbTi, but with much higher critical parameters
than Nb3Sn. Attempts to make a superconducting wire started immediately, using
either the powder-in-tube (PIT) [11–13] or coated conductor [14, 15] methods.

The paper by Wang et al [16] reports on the first test of a coil made of
Ba0.6K0.4Fe2As2 (Ba122) wire at a very high field of 24 T. Ba112 is very brittle,

0953-2048/19/070501+03$33.00 © 2019 IOP Publishing Ltd Printed in the UK1
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compounds are used industrially, with intensive work on Nb3Sn optimization still under
way. The other materials are still considered in the research and development phase.

Thus, the discovery of a new class of iron based superconductors (IBS) in
2008 [10] opened the doors to a new perspective for microscopic models.
Intensive studies show that IBS phenomenology and superconducting parameters
bridge the gap between conventional superconductors and cuprates and may be
helpful in explaining the latter. From a practical point of view, IBS are ideal
candidates for applications. Indeed, some of them have quite a high critical current
density, even in strong magnetic fields, and a low superconducting anisotropy.
Moreover, the cost of IBS wire can be four to five times lower than that of Nb3Sn,
making it more expensive than NbTi, but with much higher critical parameters
than Nb3Sn. Attempts to make a superconducting wire started immediately, using
either the powder-in-tube (PIT) [11–13] or coated conductor [14, 15] methods.

The paper by Wang et al [16] reports on the first test of a coil made of
Ba0.6K0.4Fe2As2 (Ba122) wire at a very high field of 24 T. Ba112 is very brittle,
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Summary
1. A review of the current status of IBSs has been conducted.

2. A review of various techniques for tuning Tc has been conducted.

3. High-angle grain boundaries (GBs) do block supercurrent flow, but not as severely as in

the cuprates. This is a driving force for magnet applications using polycrystalline wires and

bulk materials.

4. A strategy for improving the polycrystalline tapes and bulks of K-doped Ba122 has been

proposed.

5. Jc-B performances have been improved significantly by APC and thermodynamic approach

combined with APC (films).

6. Long length wires and tapes have been developed significantly.
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