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Abstract

In this review, we present a summary of results on single crystal growth of two types of
iron-chalcogenide superconductors, Fey,,Te;_,Se, (11), and A,Fe,_,Se; (A = K, Rb, Cs, Tl,
TI/K, TI/Rb), using Bridgman, zone-melting, vapor self-transport and flux techniques. The
superconducting and magnetic properties (the latter gained mainly from neutron scattering
measurements) of these materials are reviewed to demonstrate the connection between
magnetism and superconductivity. It will be shown that for the 11 system, while static
magnetic order around the reciprocal lattice position (0.5, 0) competes with superconductivity,
spin excitations centered around (0.5, 0.5) are closely coupled to the materials’
superconductivity; this is made evident by the strong correlation between the spectral weight
around (0.5, 0.5) and the superconducting volume fraction. The observation of a spin
resonance below the superconducting temperature, 7, and the magnetic-field dependence of
the resonance emphasize the close interplay between spin excitations and superconductivity,
similar to cuprate superconductors. In A, Fe,_,Se,, superconductivity with 7, ~ 30 K borders
an antiferromagnetic insulating phase; this is closer to the behavior observed in the cuprates

but differs from that in other iron-based superconductors.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

A superconducting material can conduct electric current with
zero-energy loss due to the absence of electrical resistance
below its superconducting transition temperature 7;; such
behavior is clearly of great practical use [1]. On the
theoretical side, superconductivity was initially understood
with the many-body theory developed by Bardeen, Cooper
and Schrieffer (BCS theory) [2]; these authors explained the
phenomenon of superconductivity on the basis of electron
pairs whose interaction is mediated by electron—phonon
coupling. In the 1980s, high-temperature superconductivity
was discovered in lamellar copper-oxide materials whose
T, can be above liquid-nitrogen temperature [3,4]. Here,
the electron—phonon coupling as proposed in BCS theory
is not sufficient to induce superconductivity at such high
temperatures [5, 6]. In these cuprate superconducting
materials, superconductivity develops from electronically
doping an antiferromagnetic Mott insulating phase with
carriers [5-9]. It is thus hoped that one may eventually
understand the high-7, superconductivity in terms of the
interplay between magnetism and superconductivity.

Research on high-T, superconductivity turned in a new
direction in the year 2008 with the discovery of iron-pnictide
superconductors [10, 11]. The initial excitement came with
the discovery of superconductivity by Hosono’s group in
LaFeAsO,;_,F, (labeled 1111, based on the elemental ratios
in the chemical formula of the parent material) with 7. =
26K [11], following an earlier report of superconductivity
in LaFePO,_,F, with T. ~ 5K by the same group [10].
The T. was soon raised to 43 K, either by replacing La with
Sm (SmFeAsO,_.F,) [12], or by applying pressure [13].
Several 1111 superconductors with 7, > 50K have been
successively reported [14—17], and the current record is 56 K
in Gd;_,Th,FeAsO [17]. In addition to the 1111 system,
four other families of iron-based superconductors have been
discovered, typified by BaFe,As, (122) [18-21], LiFeAs
(111) [22-27], Fe4,Te;_Se, (11) [28-32] and Sr,PO3FePn
(21311) [33,34]. Their crystal structures (figure 1) are all
tetragonal at room temperature, but the 122 family crystallizes
in the [/4/mmm space group, while the space group is
P4/nmm for the others [10,26,35-38]. One important
common feature is that they are all layered structures, as in
the cuprates [5-9].

Extensive research has been carried out to study the
magnetic correlations. It is now well established for
these materials that long-range antiferromagnetic order is
suppressed with doping, while superconductivity appears
above a certain doping level [36-57]. While there are a
few cases where superconductivity appears suddenly after
magnetic order disappears [46], it is more commonly
found that magnetic order, either short- or long-ranged,
coexists in some fashion with superconductivity over a
finite range of doping [45,47-51,53,55]. The observations
that superconductivity develops concomitantly with the
suppression of antiferromagnetic order in many iron-based
superconductors [39,55,58,59], a behavior similar to that
in cuprates [5-9,60], suggest that there could also be a

similar connection with the superconductivity. Conceptually,
the simplest possibility would involve having the magnetic
excitations replace phonons in the electron pairing interaction,
and in the iron-based superconductors the finite momentum
of the antiferromagnetic fluctuations is proposed to facilitate
interband pairing [61-67]. Of course, the role of the magnetic
correlations could depend on the nature of the magnetism,
which continues to be a subject of intense investigation
[68—75]. Furthermore, four or five Fe 3d orbitals are involved
in the multiple bands that cross the Fermi energy, and
excitations among these orbitals have also been proposed
as possible contributors to the pairing mechanism [76]. In
any case, the magnetic excitations respond strongly to the
superconductivity: the low-energy fluctuations are gapped,
and the spectral weight moves into a ‘resonance’ peak above
the gap; the resonance peak has been observed in a number
of iron-based superconductors [77-85]. Obviously, the iron-
based superconductors provide new opportunities to address
the long-standing challenge of high-7. superconductivity,
and this has made them some of the most heavily studied
materials in condensed matter physics over the past three
years. A number of reviews are already available on these
superconductors [56, 86—-95].

Among the five types of iron-based superconductors, the
T, for the 11 system is the lowest [89]. However, the 11
materials are still of particular interest for a number of reasons:
(i) As seen from figure 1, the crystal structure is the simplest,
which makes it easier to study them; (ii) 11 system does
not contain As, thus making it safer to handle; (iii) Most
importantly, high-quality, large-size single crystals can be
made available for this system (with x < 0.7), as will be
discussed in section 2. This is especially important for neutron
scattering experiments because, although neutrons represent
a powerful probe of magnetic correlations, the limitations of
neutron source strength and scattering cross sections require
the use of samples of considerable size (=>1cm?) in order to
obtain reliable data.

More recently, the discovery of superconductivity in
a ternary iron-chalcogenide system with the approximate
formula A,Fe,_,Se; (A = K, Rb, Cs, Tl, TV/K, TI/Rb),
whose highest 7 is ~33 K at ambient pressure, has stimulated
considerable interest [96-100]. The structure at high
temperature is equivalent to that of the 122 materials, as shown
in figure 1 (122).

The rest of this paper is organized as follows: in section 2,
we present the efforts on crystal growth that make many further
measurements possible; in section 3, superconductivity in both
the 11 and A,Fe,_,Se, systems is discussed; in section 4,
the static and dynamic spin correlations obtained mainly by
neutron scattering experiments are presented, followed by the
conclusions in section 5.

2. Crystal growth

Fe—Se has a very complicated phase diagram [101]. The
superconductivity in this system was found in the B-Fe,.,Se,
which has a tetragonal structure [28, 102]. A modified phase
diagram (figure 2(a)) indicates that the -phase only exists in
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Figure 1. Crystal structures for the 1111, 122, 111 and 11 type iron-based superconductors.

a narrow temperature (300—440 °C) and composition window
(Fe:Se = 1.01-1.03) [102]. Because there is no common
phase boundary line between the liquid phase region and the
Fe.,Se solid phase region in the Fe-Se phase diagram [101],
it is not possible to grow a single crystal of Fey,,Se directly
from Fe-Se liquid. Therefore, methods that rely on growing
a crystal directly from a melt cannot be used in this case.
Instead, other growth methods, such as vapor self-transport
growth [103] and alkali-halide-flux growth [104—-106] have
been reported.

In contrast, tetragonal Fe,., Te, though not superconduct-
ing, is stable in a larger temperature and composition space
(figure 2(b)), and large single crystals can be grown directly
from the melt, with a certain amount of excess Fe [30,31]. It
was quickly found that mixing Se with Te both optimizes T,
(at ambient pressure) and allows melt growth techniques. In-
deed, to date, large-size single crystals of Fei,,Te;_,Se, with
x < 0.7 have been successfully grown using several standard
melting techniques, including Bridgman (vertical and horizon-
tal) [30, 31,55, 85, 108-119] and optical zone-melting [120].
For the newly discovered A Fe,_,Se; system, typically the
Bridgman method has been employed [96-98, 121-125].

2.1. Bridgman method

In figures 3(a) and (c¢) we show the schematics for the vertical
and horizontal versions of the Bridgman technique. An
example of a synthesis scheme is as follows. To start with,
the raw materials (99.999% Te, 99.999% Se and 99.98% Fe)
are weighed and mixed with the desired molar ratio, and then
sealed into an evacuated, high-purity (99.995%) quartz tube.
Since the tube often cracks during the cooling cycle, it is sealed
inside a larger evacuated tube. The doubly sealed materials
are then put into the furnace vertically (or horizontally) for
pre-melting, with the following sequence: ramp to 660 °C in
2 h; hold for 1 h; ramp to 900 °C in 1 h; hold for 1 h; ramp to
1050°C in 1h; hold for 3 h; shut down the furnace and cool
to room temperature. The reacted materials are then crushed
and double-sealed into evacuated quartz tubes for the growth
sequence: ramp to 660 °C in 3 h; hold for 1 h; ramp to 900 °C in
2 h; hold for 1 h; ramp to 1000 °C in 1 h; hold for 12 h; cool to
300 °C with a cooling rate of —0.5 or —1°C h~!; shut down the
furnace and cool to room temperature. In the furnace, there
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Figure 2. (a) Phase diagram for Fe—Se. Reprinted with permission
from [102]. Copyright 2009 by the American Physical Society.

(b) Phase diagram for Fe-Te. Reprinted from [107]. Copyright
1990 ASM International.

should be a small temperature gradient from one end to the
other (e.g. at 850°C, AT /distance ~5°Ccm™") as shown in
figures 3(a) and (c), which allows directional solidification
of the melted liquid. (Some may choose to skip the pre-
melting step.) By using this method, large-size (>10 g) high-
quality single crystals can be obtained for Fe ., Te;_,Se, with
x < 0.7. Figures 3(b) and (d) show some of the crystals grown
using vertical and horizontal Bridgman methods. The crystals
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Figure 3. (a) Schematic of the vertical Bridgman growth. (b) Crystals grown using the method shown in (a). Reprinted with permission
from [30]. Copyright 2009 by the American Physical Society. (c) Horizontal Bridgman growth. (d) Crystals grown using the method shown

in (c) [126].
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Figure 4. (a), (b) Magnetization and (110) rocking curve of FeTey 5Seq s samples.

can have nice mirror-like cleavage surfaces, corresponding to
the a—b planes; however, in our experience, such crystals
have excess Fe (y > 0) and a reduced superconducting
volume fraction. Crystals with alarge superconducting volume
fraction (with y & 0) tend to have a textured cleavage surface
associated with slight misorientation of grains, due to strain
effects that develop on cooling in the constrained cross section
of a quartz tube.

Many measurements such as resistivity, magnetization,
x-ray diffraction (XRD) and neutron diffraction have been
carried out to characterize such crystals [30, 31, 55, 85, 108—
119]. In figure 4 we show the bulk magnetization and rocking
curve for FeTe( sSeq s samples. The transition width, AT, is
~1K (figure 4(a)), indicating that the sample is reasonably
homogeneous. From neutron diffraction measurements, we

obtained a mosaic spread of 0.85° for a9 g sample (figure 4(b)).
These demonstrate that high-quality, large-size single crystals
of Fer4yTei—,Se, (x < 0.7) can be successfully grown using
the Bridgman method.

To grow single crystals of AFe,_,Se,, a similar method
is used. First, FeSe is prepared as the precursor by reacting Fe
and Se in the appropriate ratio at 700 °C for 4 h. The alkali and
the precursor FeSe are loaded into an alumina crucible with the
nominal composition, which was then sealed into a tube; Wang
et al [121] have demonstrated the benefits of using an arc-
welded Ta tube. The tube is then put into an evacuated quartz
tube and sealed. A typical growth sequence is as follows:
ramp to 1050 °C in 15 h; hold for 4 h; cool to 750°C at a rate
of —1 to —=3°Ch~!; shut down the furnace and cool to room
temperature. Large-size single crystals can be obtained using
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Figure 5. Single crystal rods of K, gFe,Se, grown using the vertical
Bridgman method [127].

this method, and single crystal rods thus obtained are shown in
figure 5. A one-step method using a similar growth procedure
but without first reacting Fe and Se as the precursor has also
been reported [125].

2.2. Optical zone-melting technique

Yeh et al [120] have used the optical zone-melting method
to grow Fey,,Te|_,Se, single crystals with x ranging from 0
to 0.7. The advantage of this technique is that it offers the
possibility of visually examining the locally melted zone, as
well as providing convenient control of the growth rate using
the image furnace. A schematic of the setup is shown in
figure 6(a). To grow single crystals, powders of 99.9% Fe,
99.9% Se and 99.999% Te were combined with the desired
stoichiometry and mixed in a ball mill for 4h. The mixed
powders were cold pressed into discs under 400kgcm™2
uniaxial pressure, and then sealed into an evacuated quartz
tube. The tube was heated at 600 °C for 20h. The reacted
bulk material was reground to fine powder and then sealed
into an evacuated quartz tube. The tube was sealed into
a second evacuated tube, and then loaded into an optical
floating-zone furnace with two 1500 W halogen lamps installed
inside the mirrors as infrared radiation sources, as shown in
figure 6(a). The ampule was rotated at a rate of 20 rpm and
moved downward at a rate of I-2mmh~!. The as-grown
crystals were annealed with the following sequence: ramp
to 700-800°C in 7h; hold for 48 h; cool to 420°C in 4h;
hold for 30h; shut down the furnace and cool to room
temperature.

The inset of figure 6(a) shows an as-grown crystal for
FeSe 3Tep.7, which has an easily cleaved surface perpendicular
to the c-axis [120]. As shown in figure 6(b), only (00 L)
peaks were found in the typical XRD pattern on a cleaved
surface of the crystal, indicating that the cleaved surface
corresponds to the a—b plane. In the inset of figure 6(b) it
is shown that the crystal has a mosaic as small as 0.092°. The
phase purity was examined by x-ray powder diffraction with
powder obtained by crushing the crystals. Yeh er al [120]
found that all diffraction peaks of crystals with x < 0.7
belong to the tetragonal phase and no secondary phase was
observed. High-resolution transmission electron microscopy
(TEM) measurements showed that the diffraction patterns
could be well indexed with a tetragonal structure, as shown
in the inset of figure 6(c) [120].

2.3. Vapor self-transport and flux method

The phase diagram of Fe—Se is such that one cannot grow large
crystals of B-FeSe directly from the standard melting methods;

Patel er al [103] used vapor self-transport as an alternative
approach. They began by mixing 99.9% Fe and 99.99%
Se powders with the desired molar ratio. The mixture was
ground and sealed into an evacuated quartz tube. The material
was then heated in a three-zone furnace with the following
procedure: (1) heat the material with the temperatures for
the three zones set to 700 °C (where the Fe and Se mixture
is located), 900 °C and 900 °C, respectively, for 5 days; (2)
crystal nucleation is initiated by setting the temperature of all
zones to 700 °C, and the temperature held constant for 5 h; (3)
the crystals are left growing for 30 days with a temperature
setting of 825°C, 700°C and 825 °C, respectively; (4) the
system is cooled to 400 °C rapidly, and the temperature is
kept constant for 10h; (5) cool to room temperature at a rate
of —3°Cmin~'. XRD indicated that the dominant phase in
the as-grown crystal was superconducting 8-Feq,,Se, with a
minority of non-superconducting «-FeSe [103].

Another approach is to use an alkali-halide flux. Zhang
et al [104] made use of a NaCI/KCl flux. First, Fe and Se
powders with the desired stoichiometry were reacted to obtain
Fey4ySe polycrystalline samples. This material was mixed
with NaCI/KCl flux (ratio 1:1), and the combination was
ground and sealed in an evacuated quartz tube. The quartz
tube was heated to 850 °C. The temperature was maintained at
850°C for 2 h before cooling to 600 °C at a rate of —3°Ch™~!.
Finally, the furnace was cooled rapidly to room temperature.
The crystals were separated from the flux by dissolving the
NaCI/KClI flux in deionized water. There is also a report of
using KCI (KBr) as the flux [106].

Hu et al [105] have recently demonstrated an improved
method, using a flux of LiCl/CsCl. Refinement of synchrotron
XRD data yielded a stoichiometry of Fe; go2)Se1.0003)-

2.4. Remaining challenges

Asdescribed above, it has been demonstrated that large crystals
of Fer4yTej—,Sex with x < 0.7 can be grown from the
melt; however, challenges remain in obtaining homogeneous
samples [128,129]. Hu et al [129] performed scanning
transmission electron microscopy (STEM) and electron energy
loss spectroscopy (EELS) measurements on a series of as-
grown Fe,,Te;_,Se, crystals. They found that all these
samples showed nanoscale phase separation and chemical
inhomogeneity of the Te/Se content. They attributed this
to the presence of a miscibility gap in the phase diagram.
The same conclusion was reached in an extended x-ray
absorption fine-structure (EXAFS) study on Fe;,,Te;_,Se,,
where it was observed that the local structure differed from the
average [128]. Scanning tunneling microscopy/spectroscopy
(STM/STS) measurements on a FeTegs5Sep4s5 sample also
showed that there were Te- and Se-rich regions, whereas
the averaged Te and Se contents were still 0.55 and 0.45,
respectively [130]. The sample inhomogeneity may account
for the broad transitions in these materials [91, 120]. One
way to improve crystals is to use a smaller cooling rate
during the growth. For example, from our own experience,
using a —1°Ch™! cooling rate yields better crystals than
using —3°Ch~'. Annealing the as-grown crystals can also
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Figure 6. (a) Schematic diagram of apparatus setup of the optical zone-melting method. The inset shows an as-grown FeTe, 7Se 5 single
crystal on a 1 mm grid. The shiny surface is the a—b plane. (b) XRD pattern for an FeSe 3 Te( ; crystal. Miller indices for the tetragonal-PbO
structure are shown. The inset shows the rocking curve for the (101) peak. (¢) High-resolution TEM image of an FeSe 3Teq ;7 crystal and the
electron diffraction indexed with a tetragonal lattice. Reprinted with permission from [120]. Copyright 2009 American Chemical Society.

be useful [57,110,117,120]. Vacuum annealing can make
the Se/Te distribution more homogeneous, thus improving the
superconducting volume fraction [110, 117]. Alternatively,
it has been reported that annealing in air reduces the
amount of excess iron [57], which can be important for
observing bulk superconductivity in samples with large Te
concentrations. Annealing in oxygen has been used to induce
bulk superconductivity in the sulfide version, Fe,,Te;_,Sy,
at small x [108]. It is more challenging to grow crystals of
Fei.yTej_Se, with x > 0.7 [120]. So far, large crystals
(on the order of 1 g) have not yet been reported in this range.
Even for small crystals or polycrystalline samples of Fe,,Se,
impurity phases such as «-FeSe, Fe;Ses, Fe;O4 and Fe are
often found [103, 105], because of the complex phase diagram,
as shown in figure 2(a) [101, 102]. Nevertheless, a recent
study has reported the growth of phase-pure and stoichiometric
crystals of superconducting FeSe [105].

The major obstacle that limits the understanding of the
intrinsic properties of A Fe,_,Se, is the difficulty in preparing
phase-pure superconducting samples. Aninitial TEM study on
a superconducting sample of nominal composition KFe;_,Se,
(0.2 < y < 0.3) clearly demonstrates that there is nanoscale
phase separation along the c-axis—in some regions, there
is Fe-vacancy ordering, while in others the vacancies are
disordered [131]. In a recent angle-resolved photoemission
spectroscopy (ARPES) study, a variety of results were
interpreted in terms of the coexistence of different phases
separated mesoscopically [132]. More effort on this system
will be necessary in order to achieve predictable synthesis of
single-phase samples.

3. Superconductivity in iron chalcogenides

3.1. Superconductivity in the 11 system

Superconductivity in the iron chalcogenides was first
discovered in Fej,,Se, with zero resistance at T = 8K,
as shown in figure 7 [28]. The upper critical field at zero
temperature, woH(0), was estimated to be 16.3T [28].
The composition of the superconducting phase was initially
reported to be FeSepgg by Hsu ef al [28], and a similar
composition, FeSepq,, was identified by Margadonna et al
[133]; however, these powder samples showed a significant
fraction of secondary phases in diffraction measurements.
McQueen et al [102] followed this work with a careful study
of synthesis conditions and composition. They showed that
synthesis from powders generally leads to problems with
oxygen contamination, resulting in an overestimate of the Fe
content in the sample. By using large pieces of Fe and Se
as starting materials, they found that the stable composition
range of Fe,,Se is 0.01 < y < 0.03 (consistent with a much
earlier work on the phase diagram [101]), with 7, = 8.5K
at y = 0.01 and dropping to zero at 0.03. Synchrotron
XRD indicated single-phase samples. As a further test,
Pomjakushina et al [134] prepared a series of samples with
different initial compositions, and analyzed the composition
by Rietveld refinement of neutron powder diffraction data,
obtaining FeSepg75 (or FejgysSe) for the superconducting
phase in these multiphase samples, close to stoichiometry.
Finally, there is the impurity-free single crystal of Hu et al
[105] that has been shown to be stoichiometric. It seems
reasonable to conclude that the superconducting composition



Rep. Prog. Phys. 74 (2011) 124503

J Wen et al

20
15k __,_/._-,L/
0 72
| B Hc2 0)~16 3T
ald _ 8 £, 0)~4 5nm
E B
Q. g 3 -
05+ & o
p 04 06 08 10
IE T /reH=0)f
00k i 1 N 1 N 1 K 1 & 1
0 50 100 150 200 250 300
TK)

Figure 7. Temperature dependence of electrical resistivity (p) of
Fe, 14Se. The left inset shows resistivity versus temperature under
different field strengths below 12 K. The right inset shows the
temperature dependence of the upper critical field. Reprinted with
permission from [28]. Copyright 2008 National Academy of
Sciences of the USA.

is close to stoichiometry. To establish convincingly the nature
of any defects (Fe interstitials, Se vacancies, etc), one would
need to test for diffuse scattering from a single crystal. Such
measurements on Fe,,Te have revealed a clear signature of
atomic displacements associated with Fe interstitials [135].

At room temperature, Fey,,Se has a tetragonal PbO-type
structure belonging to the P4/nmm space group as shown in
figure 1 (1 1). It has an iron-based planar sublattice equivalent
to that of the iron pnictides [10, 11]. On cooling below ~90K,
there is a structural transition to an orthorhombic phase (space
group Cmma) [133, 134, 136], resulting in a subtle distortion
of the FeSe, tetrahedra. The transition temperature is observed
to be sensitive to composition [136].

Systematic results for the in-plane electrical resistivity of
FeTe,Se;_, are shown in figure 8(a) [30]. Fe,,Te is not
superconducting; instead, it exhibits coincident magnetic and
structural transitions at ~65 K [53, 137-139]. This behavior
is similar to that of the undoped phases of the 1111 and
122 materials [37,39-57], and it is therefore often referred
to as the parent compound for the 11 system [32, 137, 138,
140, 141]. By replacing Te with Se, the structural transition
temperature is gradually suppressed [139]. With 6% Se
doping, a trace of superconductivity starts to appear, and
coexists with the antiferromagnetic order [53]. With increasing
Se content, the superconducting volume fraction improves,
and T also becomes optimized for x ~ 0.5 [29,30,32].
Superconductivity extends all of the way to x = 1 in Fey,,Se,
as discussed above.

Other combinations of chalcogenides are also possible.
For example, one can substitute S for Se in Fe,,Se;_.S..
For z = 0.2, T; is increased slightly, to 10K [142]. The
T, increase is accompanied by suppression of the tetragonal-
to-orthorhombic transition temperature, with the transition
already absent at z = 0.1 [142]. For z > 0.2, T, gradually
decreases, with no superconductivity observed for 0.4S
[142]. Doping S into the parent compound Fey,,Te can also

induce superconductivity [108, 119, 140], while suppressing
the magnetic and structural transitions. The highest 7; in the
Fer4yTe1—;S; systemis 10 K in FeTeg §S¢» [140].

Figure 8(b) shows the magnetic susceptibility and
resistivity of the optimally doped sample, FeTe 5Seqs [30].
It has a T, of 14K, highest in the 11 system at ambient
pressure, with a superconducting volume fraction close to
100% [30,85]. One thing to note is that in some of the
thin film samples, an enhancement of 7, was observed [143,
144] (which may be related to strain effects, as pressure
can enhance T; see section 3.2), while in other cases the
opposite effect has been reported [145, 146]. For the optimally
doped compound, the estimated uoH(0) is =70T [85],
which makes it comparable to other iron-based and cuprate
superconductors [143, 147, 148]. Similar to the iron-pnictide
superconductors, the anisotropy for the 11 system is small. For
instance, in Fe; o3Teg 7Sey 3, the anisotropy coefficient y (ratio
of woH.; measured in and out of plane) is less than 2 [31].

A number of groups have reported similar phase diagrams
for Fei4yTei—,Sex [52-57]; one version, obtained from
magnetization measurements, is shown in figure 9. At first
glance, this phase diagram is similar to those of the cuprate
[5-9] and iron-pnictide superconductors [37,39-54,56,57].
The undoped compound is an antiferromagnet; with doping,
the transition temperature is reduced, and superconductivity
appears above 0.1 Se doping (see [52-54]), with T, versus
doping x having a dome shape. However, there are several
important differences which need to be pointed out. (i) Unlike
most other high-T, superconductors, where ‘doping’ refers
to substitution of elements with a different valence, here the
replacement of Te with Se is isovalent. The positive Hall
coefficient in Fe; (3Teg 7Sep 3 indicates that hole carriers are
dominant with Se doping [31]. (ii) Superconductivity survives
to x = 1, unlike most other systems where superconductivity
disappears with carrier doping above a certain value [89]. (iii)
The material’s properties can be tuned not only by doping with
Se, but also by adjusting the amount of excess Fe. For example,
a number of studies of Fej,,Te;_Se, with x < 0.5 have
shown that the presence of Fe interstitials correlates with a
reduction in superconducting volume fraction [109, 115, 149—
151]. Without Se, it appears difficult to reduce Fe content
below y = 0.05, but the minimum interstitial density decreases
as Se is added [139]. The relationship between excess Fe and
the magnetic correlations will be discussed in section 4.

3.2. Pressure study on the 11 system

In figure 10 we plot the pressure dependence of T, for four
samples. For Fey,,Se, there is a strong pressure dependence
[152-155]. Applying a pressure of 1.48 GPa raises 7 to
27K and puoH:(0) to 72T [156]. With a further increase in
pressure, 7, appears to have a maximum of 37 K for pressures
above 4 GPa [152-154]. While T, increases with pressure,
the superconducting volume fraction is reported to decrease
rapidly for pressure (P) > 1.5GPa, suggesting significant
inhomogeneity [157]. Margadonna et al [153] also found
that the 7.—P curve coincides with anomalies in the pressure
evolution of the interlayer spacing, suggesting an intimate
relationship between structure and superconductivity.
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Figure 8. (a) In-plane electrical resistivity p as a function of temperature for FeTe,Se;_,. (b) Magnetic susceptibility of a FeTe, 5S¢ s
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In the compound with mixed Se and Te, the pressure
dependence of 7 is similar to that in Fe;,,Se, though
less dramatic [158,159,161]. In FeTeysSeqs, the T. onset
increases rapidly from 13.5 to 26.2 K upon application of a
pressure of 2 GPa [158]. Above 2 GPa, T, decreases linearly,
and a metallic (non-superconducting) ground state is observed
at 14 GPa[158]. In other Se-doped samples, e.g. FeTeg 43Seg 57
and FeTej75Sep,s5, the pressure effects are reported to be
smaller [56, 159, 161].

For FeSe S, a study with pressure up to 0.76 GPa
shows only a weak effect on 7., with an indication of a
decline in 7. at higher pressures [159]. Contrary to the
pressure enhancement of 7; discussed so far, application of
pressure to Fe,, Te;_, S, causes T; to decrease monotonically,
as shown in figure 10 [160]. One might guess that applying
pressure to the parent compound of the 11 system, Fey,,Te,

40I I I T I

T (K)

0 2 4 6 8 10
Pressure (GPa)

Figure 10. Pressure dependence of the 7 for Fe, o;Se, [152]
FCT6045SCO‘5, [158] Feseolgso'z, [159] and FCTCO‘[;SOZ [160]

could make it superconducting; however, superconductivity
was not observed in Fe; ooTe with hydrostatic pressure up to
2.5 GPa [162], although the structural transition temperature
was reduced [162], and the lattice collapsed [163]. In contrast,
superconductivity with 7;. up to 13 K has indeed been reported
for thin film samples of FeTe under tensile stress [164].

3.3. Doping with 3d transition metals into Fei.,Te;_,Se,

One can also change the properties of the 11 system by doping
with 3d transition metals (Mn, Co, Ni, Cu, etc). There are
several initial studies on Fe,,Se [91, 165-167]. Thomas et al
[165] have found that 2.5% Co reduces T, to below 4 K, and
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Figure 11. (a) Temperature dependence of the magnetization for a K, gsFe,Se, single crystal. (b) Resistivity measured in the a—b plane with

field applied along the c-axis [127].

no superconductivity is observed for Co doping at and above
5%, though the system is still metallic with 20% Co [142].
Cu seems to have a larger effect in reducing 7. As little as
1.5% Cu substitution results in the absence of a diamagnetic
response [166]. More interestingly, with increased Cu doping
(4%), the system evolves into an insulator [ 166, 167]. Analysis
of the temperature dependence of the resistivity suggests that
the sample with 10% Cu doping is a Mott insulator [167]. This
result has interesting implications for the nature of electronic
correlations in the iron chalcogenides. Ni doping is also found
to suppress 7. [142, 168], but does not drive the system to an
insulating state for Ni concentrations up to 20% [142]. Mn
substitution has little effect on Tt, and the system remains
metallic and superconducting with Mn doping up to 5.5%
[167].

Similar studies have been carried out in Fei,,Te;_ Se,
with x = 0.35[169] and 0.5 [170]. It is found that Co, Ni and
Cu all suppress T, [169] and a metal-to-insulator transition is
induced with both Co and Ni doping in FeTey 5Sey s samples
[170]. There is also a report on Ni-doped Fe; ;Te, which
reveals that the lattice constants decrease with increasing Ni
content [171].

3.4. Superconductivity in A,Fe,_,Se; (A = K, Rb, Cs, T,
TI/K, TI/Rb)

At the end of the year 2010, Guo et al [96] reported that
superconductivity with 7, above 30 K had been achieved in
a ternary iron chalcogenide, Ko gFe,Se, by intercalating the
metal K in between FeSe layers. In figure 11 we show
results for the temperature dependence of the magnetization
and in-plane resistivity for a KggFe,;Se, single crystal
[127]. The T. was ~32.5K, the highest among all iron-
chalcogenide superconductors at ambient pressure. This new
superconductor with such a high T, soon ignited another
wave of intense activity. To date, in addition to K,Fe,_,Se,

[96,97, 122, 172-178], superconductivity has been found in
a series of compounds with the formula A,Fe;_,Se, where
A = Rb, Cs, Tl, TVK or TI/Rb [98-100, 123, 124, 179-184],
and the highest 7, achieved so far is ~33 K. By substituting
S (K,Fe>_,Sey_.S;), T, does not decrease for z up to 0.4
[185, 186], but with z = 1.6, superconductivity is completely
suppressed [185]. In contrast, Co doping in Ky gFe,Se, has a
very strong effect. With 0.5% Co, T isreducedto SK[187]. A
number of the newly discovered A,Fe,_,Se, superconductors
and their 7.s are summarized in table 1, from which one can
see that the 7 is not very sensitive to the stoichiometry, except
for the Co-doped sample.

There have been some pressure studies on these systems.
In a K, Fe,Se, sample, which had a T, of 32.6 K, T, decreased
with increasing pressure, while in a sample witha 7, of 31.1 K,
a dome-shaped 7.—P curve was observed, with a maximum
T, of 32.7K at 0.48 GPa [192]. A similar dome shape was
observed for Cs,Fe,Se,, with T, maximized to 31.1K at
P = 0.82 GPa, compared with 30 K at ambient pressure [192].
In a sample with nominal composition of Ky gFe,Se,, which
had a T, of 33K, it was found that, although the onset T
increased with pressure, the temperature where the resistivity
reached zero decreased [197]. In all of the samples studied,
the large normal-state resistance was significantly reduced by
pressure [181,192,197,198]. In CsygFe,Se,, the resistance
decreased by two orders of magnitude, concomitant with a
sudden 7. reduction at ~8 GPa [181].

In the normal state of these materials, the resistivity—
temperature curve exhibits a very pronounced hump [96],
which is believed to be irrelevant to superconductivity [121,
180, 192]. However, in K( gFe;7Se,, Guo et al [198] found
an interesting correlation between superconductivity and the
hump: with increasing pressure, the magnitude of the hump
went down as 7. did, and the hump disappeared at P =
9.2GPa, coinciding with the complete suppression of the
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Table 1. Summary of T, for the newly discovered A,Fe,_,Se, superconductors.

Material T. (K) Material T. (K)
KosFesSe, [96,97,122,175,180,178]  30-33 Ko sFesSepsS: o [185] 18.2
Ko.sFe¢Se, [188] 32 Ko.sFe1.995C0og.g0sSes [187] 5
K().gFe]j(Jse'_) [177] 32 Rb0.33(2)Fel‘70(1)Sez [179] 31.5
K()_65FC|_41862 []89] 32 Rb()_gpezsez [190, 180] 32
Ko.ssFei 835209 [191] 30 Rby gsFei.51Ses [98] 31.5
K0_85Fezsel_g [192] 32.6 CSQ_86F61_66862 [192, 123, 180] 30
Ko'g(,FeZSellgz [192, 123] 31.1 CSQ‘33(2)F81471(1)SCI.96 [182] 28.5
Ko_7Fel_gSe2 [176] 28 CSQ_gFezsez [181] 32
K0'86F€1.73SCZ [174] 25 TlFeL7Se2 [124] 22.8
K0_86F61_34SCZ [173] 30 T10_58K0_42F61_7zsez [100, 193] 32
Ko.s3yFergsySea [179] 29.5 Tlo 64Ko36Fe1.835ey [124] 31
Ko_gFel_7SeS [194] 25 T10_53K0_37F61_7gsez [195] 29
Ko.sFe;Se; 4S04 [186] 32.8 Tly.47Rbg 34Fe; 3Ses [196] 33
Ko_gFezsel_ﬁsOA [185] 33.2 Tlo_ngbo_42Fel_7zsez [100] 32
K0'8F62861.2S0‘g [185] 24.6 T10.4Rb0'4F62,)-S€2 [183] 31.8

superconductivity. By normalizing the resistance to the room-
temperature value, Seyfarth et al [181] found that the hump
still existed at P = 9 GPa, at which pressure the sample was
not superconducting; based on this, they concluded that the
hump was not related to the superconductivity.

These newly discovered superconductors are particularly
interesting and fundamentally important in part due to their
electronic structures. First-principles calculations have shown
that the band structure in this new system is quite different
from that of other iron-based superconductors [199-204]. In
particular, the band near the Brillouin zone center I" point sinks
well below the Fermi level [199-204]. Experimentally, this
prediction has been verified by several initial ARPES studies,
which show that there is no hole pocket near the I" point [205,
206]. Instead, there are electron pockets near both the I' and
M (Brillouin zone corner) points [193, 195,207]. Although
this result does not rule out the possibility that interband
scattering between the electron pockets at I' and M could
be important to the superconductivity [208], the sign-changed
st pairing symmetry which has been suggested in other iron-
based superconductors is not likely to apply here [61, 62, 209].
Several alternatives, including d-wave [208,210], s-wave
[211,212] and s,,-wave [213] superconductivity have been
proposed theoretically. A number of ARPES [193,195,205-
207], nuclear magnetic resonance (NMR) [175,178,214] and
specific heat measurements [172] have been carried out and all
of them indicate that the gap is nodeless.

Another interesting feature which distinguishes the
A,Fe,_,Se, superconductors from other iron-based supercon-
ductors is that their superconductivity is in close vicinity to an
insulating state, similar to the case of cuprate superconductors
[5-9], but not to that of other iron-based superconductors [93].
Interestingly, it is reported that the insulating K, Fe,_,Se sam-
ple becomes superconducting by annealing and quenching, and
after a few days at room temperature, it is insulating again,
showing that the insulating and superconducting states are re-
versible [215]. Based on these observations, it is suggested
that disordering of Fe vacancies plays a key role in rendering
the superconductivity [215]. The experimentally observed in-
sulating ground state [124, 180, 185, 194, 216] has stimulated
several theoretical calculations [199, 200, 217]. Two possible

origins of the insulating behavior have been proposed which are
to be verified experimentally: the system might be a Mott insu-
lator [194, 204,217, 218] (the Mott behavior may have a com-
plex origin where both Fe vacancies and 3d electron—electron
correlations play roles as suggested in [204]), or it might be
a band insulator resulting from the electronic structure recon-
struction due to ordered Fe vacancies [199, 200].

3.5. Summary

To summarize this section, it is found that the parent compound
for the 11 system, Fei.,Te, is non-superconducting, and
superconductivity is achieved by replacing Te with Se or
S. The optimal superconductivity with 7. of 14K is found
to be in samples with y = 0 and x ~ 0.5. Fey,,Se is
where superconductivity was initially discovered for the 11
system; it has a 7. of 8 K. The T, increases to ~37 K upon
application of hydrostatic pressure. The superconductivity
seems to be vulnerable to doping with 34 transition metals,
which can tune the system to a (possibly Mott) insulating
regime. More recently, a series of ternary iron-chalcogenide
compounds with the chemical formula A,Fe,_,Se were found
to be superconducting with T; up to 33 K, the highest among
all Fe—Se-based superconductors at ambient pressure.

4. Magnetic correlations

4.1. Magnetic order

4.1.1.  Fey.yTe;_.Se, system. The magnetic order in
Fe4,Tei_Se, has attracted considerable attention because
of its rich physics. An initial band-structure calculation
predicted that the Fermi-surface topology in this system
should be similar to that of the iron pnictides [219]; this
has been confirmed by ARPES measurements [220,221].
From the Fermi-surface-nesting picture [219], one would
expect that this system would have collinear (C-type) spin-
density-wave (SDW) order with an in-plane wave vector
(0.5,0.5), assuming a unit cell containing two irons as shown
in figure 12(b). However, several decades ago, Fruchart
et al [222] determined that the magnetic ordering vector is
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Figure 12. (a) Schematic for the bicollinear (E-type) in-plane spin structure in tetragonal notation of the 11 compound. (b) Collinear
(C-type) magnetic structure for iron pnictides. Shadow represents the magnetic unit cell.

(0.5,0) in Fe; jp5Te. This result has been confirmed by Bao
etal [137]in Fe; o75Te, and by Li ef al [138] in Fe; g¢3Te; each
of these has a bicollinear (E-type) spin structure as shown in
figure 12(a). Even more surprising is the fact that ARPES
measurements have observed no SDW nesting instability along
(0.5,0), although there is a weak hole pocket around the
X point [220,223]. Clearly, a simple nesting mechanism
cannot account for these experimental results. More recent
first-principles calculations have identified the role of local
moments and the importance of Hund’s exchange coupling,
and have provided better agreement with the experimental
observations [42, 74,224-228].

The magnetic order in Fey,,Te is long-ranged, with a
maximum moment size of ~2.5 ug/Fe for y = 0.05 [139];
the moment size decreases for larger y [137,138,222]. The
moment size is significant compared with that in iron-pnictide
antiferromagnets, but it is small compared with the effective
moment estimated from the magnetic susceptibility in the
paramagnetic phase [229]. The moment is found to be aligned
mostly along the b-axis as shown in figure 12(a) [137-139].
Bao et al [137] have shown that the order can be commensurate
or incommensurate depending upon the amount of excess Fe—
with more Fe, the incommensurability is larger. Upon doping
with Se, the order is suppressed, with a reduced ordering
temperature (from 65 to <30 K with 0.1 Se) [55], reduced size
of the ordered magnetic moment (from 2.1 to 0.27ug/Fe) [53],
and shorter correlation length (the magnetic peak is resolution
limited in the parent compound, while with 0.25 Se doping,
the order is short-ranged with a correlation length of ~4 A
[112,137]). For Se content above 0.15, there is a phase
where spin-glass order and superconductivity coexist [52, 53,
55,112, 139]. In two single crystal samples, Fe; g7Teg 75S¢€0.25
and FeTe 7Sey 3, both exhibiting short-range incommensurate
order below 40 K, it is found that with increasing excess Fe, the
incommensurability is larger, similar to the case in the parent
compound [112, 137]. In FeTe( 7Se( 3, which has more Se and
less Fe than the Fe; (7 Teg75Sep.25 sample, the spin-glass order
is depressed, with weaker peak intensity and shorter correlation
length, while superconductivity is enhanced, with higher T,
and superconducting volume fraction [112]. Interestingly,
a magnetic peak is only observed on one side of the

commensurate wave vector (0.5,0), (i.e. (0.5-6,0) and not
(0.5+4, 0) with § being the incommensurability); this is likely
a result of an imbalance of ferromagnetic/antiferromagnetic
correlations between neighboring spins [112]. (A closely
related picture of spin clusters is indicated by a recent study of
Fe; 1 Te [229].) With further increase in the Se concentration,
the superconductivity optimizes with x ~ 0.5, and no static
magnetic order is observed (for y ~ 0) [52, 53, 85].

Next, we turn to the intriguing case of superconducting
Fei.,Se. Although this system exhibits a symmetry-lowering
structural transition on cooling through ~90K [133, 134,
136], measurements with local probes such as Mossbauer
spectroscopy [102,136] and 77Se NMR [230] indicate the
absence of static magnetic order. This is in sharp contrast with
the case of Fey,, Te; nevertheless, NMR measurements indicate
that spin fluctuations increase on cooling toward T;. [230]. In
studies of a sample that showed an increase in 7 to 37 K under
pressure, Mossbauer measurements indicated the absence of
magnetic order up to ~30 GPa [152]. NMR measurements on
the same material found that spin fluctuations are enhanced
under pressure, along with the superconductivity [230]. In
contrast, Bendele ef al [231] reported evidence for short-range
magnetic order for P 2> 0.8 GPa based on muon-spin rotation
(uSR) measurements; however, this sample showed a much
more modest impact of pressure on the superconductivity,
with a maximum 7, of 13K at 0.7 GPa. Mossbauer studies
have shown that doping Cu into Fey,,Se induces a local
magnetic moment, with the size of the moment increasing
with Cu doping while superconductivity is suppressed [166].
Spin-glass behavior has been inferred from magnetization
measurements on these Cu-doped samples [166].

The magnetic and superconducting phases in
Fei,yTe|_xSe, are summarized in figure 9. Overall, the behav-
ior is consistent with the common belief that static magnetic
order competes with superconductivity, while spin fluctuations
promote it.

4.1.2. A Fey_ySe; materials.  Antiferromagnetic order
was found in TIFe;_,Se, by neutron and Mossbauer
measurements [232,233] long before the recent discovery of
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superconductivity in the related A,Fe,_,Se; compounds. Bao
et al [188] have recently used neutron powder diffraction
to determine the crystalline and magnetic structure for
K Fe;_,Se;. At high temperatures, the crystal structure is
equivalent to that of the 122 materials. At lower temperatures,
the Fe vacancy order drives the system to an /4/m phase with
an enlarged unit cell of V3 x5 x1 [234], which contains
a pair of the Fe-Se layers related by inversion symmetry
[188]. It is found that 7y is as high as 559K and that the
magnetic moment is as large as 3.31p/Fe, forming a collinear
antiferromagnetic structure with (10 1) being the propagation
wave vector [216]. The moment points mainly along the
c-axis [188]. Such a collinear magnetic structure has been
reproduced by several theoretical works [199,200, 218, 235].
It is intriguing that the magnetic order occurs in a tetragonal
phase without breaking the four-fold symmetry, although
the presence of Fe vacancies may reduce any magnetic
frustration [218]. More surprisingly, it has been reported that
superconductivity coexists with the strong antiferromagnetic
order, both in the neutron study of KjgsFe,Se, [188] and
in the muon spin rotation (uSR) study of CsygFe,Se; o6
[184]. There have been many further observations of the
coexistence of superconductivity and antiferromagnetic order
[179,182,183,191,236]. However, due to the difficulty
in obtaining samples with high superconducting volume
fractions, as well as evidence pointing to phase separations
[131,132,180,215,237-239], it is not yet clear whether the
superconductivity and antiferromagnetic order coexist locally
or in different regions of a sample.

4.2. Spin excitations in Fe,,Te|_,Se,

4.2.1. Spin dynamics near (0.5, 0.5). The ‘resonance’ mode
in the magnetic excitations, which is defined as the energy
at which there is a significant increase in spectral weight
when the system enters the superconducting phase, has been
the subject of extensive measurements. The resonance is
predicted to occur at a particular wave vector if it connects
portions of the Fermi surface that have opposite signs of the
superconducting gap function. Therefore, observations of
the resonance may provide important information relevant to
the pairing symmetry [240-243]. (Note that these analyses
make the assumption that the magnetism is due to the same
electrons that participate in the superconductivity, while the
validity of the assumption is still under debate [114, 223, 229]).
Resonance excitations have been observed in a number of iron-
based superconductors [77, 82], consistent with the presumed
gap-sign change between the hole and electron pockets [209].
In Fey,,Te;_,Se,, despite the fact that the magnetic ordering
wave vector is different from that of iron pnictides by 45°,
the resonance excitation was observed to be near the same
(0.5,0.5) wave vector by several groups [83-85,114,244—
246]. Compared to the magnetic excitation spectrum above 7T¢,
the low-temperature spectral weight is significantly enhanced
around (0.5,0.5) and the resonance energy of ~6.5meV,
as shown in figure 13(c) [83]. The resonance energy
corresponds to ~5kg T, similar to the situation in other high-
T, superconductors [89]. Accompanying the resonance, there
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Figure 13. Spin resonance in FeTe ¢Se( 4. (@) and (b) show the
spin excitation spectrum as a function of Q and energy at 1.5 K and
30K, respectively. (c) shows the resonance intensity as determined
by the difference between the 1.5 and 30 K spectra. (d) Calculated
intensity difference from a simplified two-band model with
resolution convolved. The left inset shows the resolution-free
calculated intensity and the right inset is the normal-state Fermi
surface employed in the calculation. Reprinted with permission
from [83]. Copyright 2009 by the American Physical Society.

is a spin gap with an energy of ~4 meV; the intensity below
the spin gap is shifted to the resonance in the superconducting
state [83, 85].

Interestingly, it is found that the resonance is
incommensurate in @, peaking at (0.5 £ §,0.5 F §), in a
direction transverse to (0.5,0.5) [114]. Results on the Q
dependence of the magnetic response at 6.5 meV are plotted in
figure 14. Transverse scans along [1 1 0] exhibit a pair of peaks
as shown in figure 14(a), while longitudinal scans show a single
broad peak centered at (0.5,0.5), as shown in figure 14(b).
In both cases, the intensity is enhanced when the sample is
cooled below T.. The color-coded plot of intensity versus
Q at 6.5meV and T = 1.5K, figure 14(c), demonstrates an
intriguing anisotropy: the transverse peaks are not reproduced
along the longitudinal direction.

For other energies, the anisotropy still persists [84, 244~
247], showing that the magnetic excitations are anisotropic,
dispersing only along the direction transverse to (0.5,0.5),
as shown in figure 14(d). This is certainly not a spin-wave-
like excitation, as in CaFe,As, [248,249], since in that case
one would expect to see a cone-shaped dispersion. ARPES
measurements on the sample found that the Fermi surface near
(0.5,0.5) appears to consist of four incommensurate pockets
[114]. While Fermi-surface nesting is in principle compatible
with the observation of the incommensurate resonance, the
dispersion of isolated intensity peaks along a single direction
is quite unusual and requires consideration of coupling of spin
and orbital effects [114].

Since superconductivity, and hence the pairing, is
sensitive to magnetic field, one would naturally expect that
an external magnetic field could impact the resonance, as
seen in YBaQCu3O6_6 [250] and in La1_325r0_18CuO4 [251]
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semi-log scale. (a)—(c) reprinted from [126]. (d) reprinted with permission from [114]. Copyright 2010 by the American Physical Society.

Qiu et al [83] found no significant change in the resonance
in FeTep¢Sep4 in the presence of a 7T field on a cold-
neutron spectrometer with a low flux. Another experiment
on FeTepsSeps using a spectrometer with a higher flux
concluded that the resonance starts to appear at a lowered 7,
12 K, with reduced intensity, due to the suppression of the
superconductivity; however, there was no detectable change in
either the resonance energy or the width of the resonance peak
[85]. With a field of 14.5 T, Zhao et al [252] have shown that
in BaFe; 9Nig ;As,, both the resonance energy and intensity
are reduced, and the resonance peak is slightly broadened.

One commonly adopted view is that the spin resonance
is a singlet-to-triplet excitation [242,243,253]. In principle,
this hypothesis can be tested by experiments in magnetic field
which should induce a Zeeman splitting and lift the degeneracy
of the triplet excited state [250]. Bao et al [254] tried to address
this problem by applying a 14 T field on FeSe(4Tey ¢, and it
appears that the field induces a peak splitting. However, a more
recent experiment shows that the field only reduces the spectral
weight around the resonance mode [255]. We applied a 16 T
magnetic field and examined the field effect on the resonance.
No splitting was observed in this measurement either. The
nature of the resonance mode is still an open question.

4.2.2.  Doping dependence.  As discussed above, the
non-superconducting parent compound of the 11 system,
Fey4,Te, has static magnetic order with a bicollinear spin
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configuration.  In samples with robust superconducting
properties, there is strong magnetic scattering around (0.5, 0.5)
with a spin resonance below 7., corresponding to spin
correlations of the collinear type. A number of theoretical
[74,227] and experimental [53,115,246,247] studies have
been carried out on the doping evolution of the magnetic
correlations (static and dynamic), and their correlation with
superconductivity. Lumsden et al [247] have performed
measurements on time-of-flight spectrometers which cover
a large momentum—energy space on two samples, a non-
superconducting Fe; g4Tep73Sep27, and a superconducting
FeTeps1Sep49. It is clearly shown in figure 15(a) that at
5-7meV, for the non-superconducting sample, the spectral
weight is mostly concentrated around (0.5,0), where static
magnetic order is observed. For the superconducting sample,
magnetic excitations with a spin resonance near (0.5, 0.5) are
dominant, as shown in figure 15(b). On the other hand, the
high-energy (>120 meV) spectrum looks qualitatively similar
for these two samples [247]. In the non-superconducting
parent compound, Fe;osTe, spin waves dispersing up to
~250 meV have been measured by Lipscombe et al [256].
These have been modeled in terms of spin waves calculated
from a Heisenberg Hamiltonian with nearest- and next-
nearest-neighbor couplings [256]; however, a recent study
of Fe; Te, identifying distinct patterns of diffuse scattering
and anomalous thermal enhancement of the effective moment,
raises questions about such an approach [229].
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As mentioned previously, the properties of Feq,,Te;_ Se,
are sensitive not only to the Se concentration, but also to the
amount of excess Fe. Xu ef al [115] demonstrated this by
measuring the magnetic spectrum around (0.5, 0) and (0.5, 0.5)
in four samples: FeTe(;Seq 3, FejosTeg7Se03; FeTepsSeos,
and Fej osTegssSepss. Both samples with y 0 are
superconducting with the same 7, of 14 K; a resonance in the
spin excitation spectrum is observed below T; near (0.5, 0.5),
although the one with x = 0.3 has a smaller superconducting
volume fraction, and less spectral weight around (0.5, 0.5).
Also, there is short-range static magnetic order near (0.5,0)
in FeTey7Seps, while the sample with x = 0.5 does not
exhibit magnetic order, short- or long-ranged, and the low-
energy excitations close to (0.5, 0) also disappear. With 0.05
extra Fe, superconductivity in both samples is fully suppressed,
leading to the absence of the resonance, and the spectral weight
transfers from (0.5,0.5) to (0.5,0). In both samples, there
is short-range static order and strong spectral weight around
(0.5,0). Recently, Stock et al [257] have shown that by
changing y in Fe;,,Te, the low-energy magnetic excitation
spectrum can be dramatically modified, thus demonstrating
the important role of excess Fe.

4.3. Summary

In the parent compound of the 11 system, there is long-
range antiferromagnetic order with an ordering temperature
of 65K, and an in-plane wave vector (0.5,0); importantly,
no Fermi-surface nesting is found along this wave vector.
The direction of the wave vector is different from that of the
iron pnictides by 45°. The magnetic ordering wave vector can
become incommensurate with larger amounts of excess Fe.
Upon Se doping, the antiferromagnetic order is suppressed
and becomes short-ranged, followed by the appearance of
superconductivity. For samples with x 0.5 and robust
superconductivity, there is no static order, and the low-energy
spin excitations around (0.5,0) also disappear. The spectral
weight is shifted to (0.5, 0.5), where an incommensurate spin
resonance is observed; the spin resonance is demonstrated
to be intimately tied to the superconductivity from both the

=
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temperature and magnetic-field dependence. The magnetic
excitation spectrum around (0.5,0.5) shows an interesting
anisotropy, which apparently cannot be explained by either a
Fermi-surface-nesting or a local-moment model. In Fey,,Se,
there is no static order, while there are spin fluctuations which
are enhanced near 7.. The superconducting and magnetic
properties of the system can also be modified by adjusting
the amount of excess Fe with fixed Se content. The extra Fe
is found to enhance the magnetic correlations around (0.5, 0)
and suppress superconductivity as well as the spin excitations
around (0.5, 0.5).

The results on the evolution of the magnetic excitation
spectrum with the tuning parameters (Se/Fe) clearly indicate
that static bicollinear magnetic order in the 11 system competes
with superconductivity. It appears that only when the system
evolves toward fluctuating collinear magnetic correlations,
does superconductivity appear; this seems to be universal
across all known iron-based superconductor families. Despite
these agreements, the origin of the magnetism in the 11
compound is quite controversial. Some believe that the
magnetism arises from itinerant electrons [84,244]. Recently
there has been work suggesting a large local moment associated
with the low-energy magnetic excitations in a superconducting
FeTey 355¢€0.65 sample; this observation is incompatible with
predictions from a weakly coupled itinerant picture [258]. The
fact that a simple Fermi-surface-nesting picture [219] cannot
explain many of the experimental observations [114, 137,
220,258] leads to arguments for a significant local-moment
character to the magnetism [42, 220, 223-228].

For the A,Fe;_,Se, system, it is found that supercon-
ductivity is in close proximity to an insulating phase. This
feature is different from that in other iron-based supercon-
ductors, but mirrors that in the high-7, cuprates. Whether
the microscopic coexistence of strong antiferromagnetic order
with high-T, superconductivity is true or not requires further
investigation. If they do coexist, it requires further studies to
understand whether or not the superconducting pairing mech-
anism in this system is the same as that in other high-T,
superconductors.
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5. Conclusions

Thanks to the sustained efforts on sample synthesis for
the Fei,,Te;_,Se, system, some high-quality samples have
been made available. In particular, using the Bridgman
technique, many large-size, high-quality single crystals have
been grown. Measurements performed on these samples yield
a plethora of fascinating results. It has been found that
the static antiferromagnetic order in the parent compound is
centered around the wave vector (0.5,0) with a bicollinear
spin structure that competes with superconductivity, while
superconducting samples are characterized by collinear
magnetic correlations with magnetic excitations centered
around the wave vector (0.5,0.5). The argument that there is
an intimate relationship between the spin excitations around
(0.5,0.5) and superconductivity has been reinforced by the
temperature and magnetic-field dependence of the resonance.
Generally, this system shows strong similarities to other high-
T. superconductors, where it is believed that spin excitations
play a progenitive role in the superconductivity.

For the newly discovered A,Fe,_,Se, superconductors,
which have superconducting transition temperatures, 7t, up to
33 K, crystals can be obtained using the Bridgman technique.
This system is unique. (i) It has a very different Fermi-surface
topology with two electron pockets at the Brillouin zone center.
(i) The superconducting phase borders an insulating parent
phase, as in the case of the cuprates, but different from all
previously investigated iron-based superconductors.

While A.Fe,_,Se, has attracted significant attention,
there are still many basic questions to be answered. For
instance, reports on the spin dynamics in this system have
been very limited [259]. This will provide important clues
on whether or not this system shares the same basic physics
underlying the superconductivity as other high-temperature
superconductors. Also, further efforts on obtaining single
crystals with improved sample quality and larger size will
certainly be needed in order to elucidate many unresolved
issues. For the 11 system, sample inhomogeneity is a less
significant issue. Future work to control the stoichiometry
more precisely will be helpful.
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