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TOPICAL REVIEW — Iron-based high temperature superconductors
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Our recent progress on the preparation of a series of new FeSe-based superconductors and the clarification of SC
phases in potassium-intercalated iron selenides are reviewed here. By the liquid ammonia method, metals Li, Na, Ca, Sr, Ba,
Eu, and YD are intercalated in between FeSe layers and form superconductors with transition temperatures of 30 K~46 K,
which cannot be obtained by high-temperature routes. In the potassium-intercalated iron selenides, we demonstrate that
at least two SC phases exist, KFe,Sep(NH3), (x = 0.3 and 0.6), determined mainly by the concentration of potassium.
NHj3 has little, if any, effect on superconductivity, but plays an important role in stabilizing the structures. All these results
provide a new starting point for studying the intrinsic properties of this family of superconductors, especially for their

particular electronic structures.
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1. Introduction

Significant interest has been stimulated in the study of
metal-intercalated iron selenides since the discovery of su-
perconductivity at about 30 K in KO‘SFCQSCQ[I] and later
in Csg g(FeSeg.08)2,1?! Rb,Fe,Ses, 1! Tl sgRbg 42Fe; 72Ses, 4
and (TLK)Fe,Se,.%! These metal-intercalated FeSe-based su-
perconductors exhibit several unique structural and phys-
ical characteristics compared to other Fe-based supercon-
ductors. %7 For example, the iron vacancies order to form su-
percells above 500 K, while the iron sites in other Fe-based
superconductors are fully filled. Moreover, neutron diffraction
reveals a blocked antiferromagnetism with pretty high order-
ing temperature and large magnetic moment up to 3.3 ug/Fe
at 10 K.[8-141 Most surprisingly, electron Fermi surfaces are
observed only around M points of the Brillouin zone while
no hole-like Fermi surfaces are found around I" points.[!>-18]
These characteristics imply that the dominant mechanism of
superconductivity in these materials may be different and lead
to new perspectives on understanding the Fe-based supercon-
ductors.

Considerable progress made in the study of A Fe>_,Se,
(A =K, Cs, Rb, etc.) has confirmed that there are phase
The stud-
ies by transmission electron microscopy,!'*! X-ray diffrac-

separations in this family of superconductors.

tion (XRD),[?>-24] Mgssbauer spectroscopy, > nuclear mag-

netic resonance, > muon spin spectroscopy, >}

28

scanning tun-

neling microscopy,?! infrared spectroscopy,”! and Raman
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spectroscopy®?! have given strong evidence that insulating
phases with v/5 x v/5 x 1 superstructure and superconduct-
ing (SC) phases coexist. The insulating phases with formula
AjsFe4Ses (the so called 245 phase) are responsible for the ob-
served large magnetic moments. The SC phases with low vol-
ume fractions (lower than 20%) are iron vacancy free and can

[21,24,26,28] They pre-

be represented by the formula A,Fe;Se;.
cipitate from A,Fe;_,Se; into nanoscale stripes intergrowing
with the 245 phases. The deduced alkali occupancies vary a
lot from x = 0.3 to 1.0.[242528] Apart from the commonly re-
ported 30-K phase, a 44-K SC phase with trace fraction was
also occasionally observed, further complicating the identifi-

31321 Various attempts to obtain pure or

cation of SC phases.|
SC-dominated samples by using traditional high-temperature
routes have failed so far. Therefore, it is still a pressing and im-
portant issue to obtain high-quality SC samples to study the in-
trinsic properties of this family of superconductors, especially
for clarifying their particular electronic structures.

Here, we mainly review our recent progress in explor-
ing new FeSe-based superconductors and indentifying the SC
phases in potassium-intercalated iron selenides by the lig-
uid ammonia (LA) method. This method implies a unique
low temperature synthetic route, in contrast to the high-
temperature routes. We synthesized a series of new super-
conductors with 7. = 30 K~46 K by intercalating metals Li,
Na, Ba, Sr, Ca, Eu, and Yb in between FeSe-layers.[33-3!
We then identified that there are at least two SC phases in
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the potassium-intercalated iron selenides, differing mainly in
potassium concentration.3®) The effect of NH3 on structure
and superconductivity is studied. A plausible structural model
is proposed.

2. LA method

NHj3 is a colorless, irritant gas and can be maintained at
liquid form at —77.7 °C to —33.3 °C at ambient pressure or
at elevated temperatures under high pressure. LA is a well
known nonaqueous solvent. Its most remarkable property is
the ability to dissolve alkalis (Li, Na, K, Rb, Cs), alkaline
earths (Ca, Sr, Ba), and even some rare earths (Eu, Yb) with-
out reaction to form highly colored, electrically conductive so-
lutions containing solvated electrons. Such homogeneous re-
ducing agents would donate the solvated electrons from the
solution to empty bands in the solid with corresponding metal
cations to balance the charge. In 1959, Rudorffl37! first syn-
thesized a variety of alkali metal intercalated sulfides in LA.
Afterward, LA methods were successfully applied to interca-
late metals into MoS,, Cgg, and MNCI (M = Zr, Hf) yielding
superconductivity at 2.4 K ~ 6.3 K, ~ 29 K, and ~ 25 K,

respectively. 38431

vacuum gauge

@

In this work, we attempted to synthesize new isostructural
chalgogenides with other alkali metals, alkaline earths, and
some rare earths and to identify the SC phases in potassium-
intercalated iron selenides. The synthesis processes were car-
ried out in Schlenk line equipment or alternatively in auto-
claves. Figure 1 shows the schematic of our Schlenk line appa-
ratus. The finely ground f3-FeSe and metals were weighed in
proper ratios and loaded into a Schlenk tube, which was then
connected to Schlenk line for evacuation. High purity NH3
(99.999%) gas was then introduced into the chilled tube iso-
lated from the vacuum line and condensed into liquid through
path 1. During the process, stirring or shaking is needed to
facilitate the reaction and to improve the homogeneity of the
products. Finally, the cooling bath was removed and the sam-
ples were obtained by evaporating the solvent LA via path 2.
For safety, a safe valve, which releases gas when the pres-
sure exceeds 1 atm (1 atm=1.01325x 10> Pa), is designed to
reduce the risk of explosion. As for the autoclave, all the reac-
tants, together with LA, were sealed and kept at room temper-
ature, where NH3 maintains liquid form under high pressure.
After the reaction, the autoclaves were opened in a glove box
and the samples were rinsed by using fresh LA.

safety valve
:: cold
trap
11

imolecular Inechanica
pump pump

valve

| | U @ three-way valve

cooling bath

oil bath

Fig. 1. Schematic of the Schlenk line equipment. Gaseous NHj3 is condensed through path 1 and evacuated through path 2. The

co-intercalated NH3 could be extracted through path 3.

3. A series of new superconductors A,Fe;Sep
(A =Li, Na, Ba, Sr, Ca, Eu, and Yb)

New isostructural chalcogenides with smaller-sized al-
kali metals and alkaline earths have been pursued using high-
temperature routes ever since the discovery of superconduc-
tivity in Ko gFe;Se,, but all have failed. Here, we report that
metals Li, Na, Ba, Sr, Ca, Eu, and Yb can be successfully in-
tercalated in between FeSe layers by the LA method, forming
a series of superconductors with 7. = 30 K ~ 46 K. Note that
46 K is the highest value of T; reported so far for FeSe-layer

compounds under ambient pressure.

3.1. Crystallographic structures

Figure 2 shows the powder X-ray diffrac-
tion (PXRD) patterns of nominal AxFeZSeg(NH3)y.
Among  them, LiFe,Se>(NH3)y, NaFe,Se>(NH3),,

K0,6F€2862(NH3)y, Sl’o_3F€25€2(NH3)y, Ba()_3F62862(NH3)y,
and Eu0_3Fezseg(NH3)y are indexed on one crystallo-
graphic unit cell. In contrast, indexing the patterns for
Cag sFesSes(NH3), and Ybg gFeoSer(NH3), yields two unit
cells. Their respective lattice constants are summarized
in Table 1.
KosFe.7Se; synthesized by the high-temperature routes,

All constants a are comparable with those of

while ¢ is enlarged, suggesting that between the FeSe lay-
ers other atom groups exist, for instance, NH3.
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PXRD patterns for nominal LiFezsez(NH3)y, NaFCzsez(NH3)y, KolﬁFezsez(NH3)()‘37, Cao‘5F62S62(NH3)y,

Fig. 2.

Sro3Fe;Ses(NH3)y, Bag 3FesSea(NH3),, Eug sFeaSex(NH3),y, and Ybg gFeoSep(NH3), measured at 297 K, Cu Kot radiation. Peaks

marked by “*" are diffraction peaks related to residual B-FeSe.>]

Table 1. Indexing results of AFe;Se>(NH3), (A = Li,Na,K,Ca,Sr,Ba, Eu,andYb).

Sample Unit cell a/A (1 A=10"10m) c/A TOome/K Apparatus
LiFe;Se,(NH3), 3.775(5) 17.04(3) 44 autoclave
3.8249(2) 16.5266(9) Schlenk linel4!
NaFe;Se>(NH3), 3.7846(4) 17.432(1) 46 autoclave
Ko.¢Fe2Sex(NH3)o 37 3.822(1) 14.84(1) 30 Schlenk line
Cag sFe;Ser(NH3), 1 3.79(1) 20.54(4) 40 autoclave
2 3.819(3) 16.75(3)
Srg3Fe»Ses(NH3), 3.806(2) 17.26(5) 38 Schlenk line
Bag 3Fe;Ser(NH3), 3.7781(2) 16.8427(8) 39 autoclave
Eug.3Fe;Sex(NH3), 3.816(1) 17.24(1) 38 Schlenk line
Yby gFe,Ser(NH3), 1 3.831(4) 20.35(4) 43 autoclave
2 3.79(1) 16.26 (2)
By a similar method, Burrard-Lucas et al.**! claimed o ' ' ' ' ' '
that Li cations, amide anions, and ammonia molecules are
intercalated simultaneously in between FeSe layers. Us- -
ing neutron powder diffraction, they showed that amide an- w 00T
ions and NHj3; molecules occupy the 8-coordinate sites in z - NaFe;Se;(NHs),
[
Li,(NH»),(NH3);_yFe;Se; (x ~ 0.6; y ~ 0.2) and are coordi- S —0.20}+ 7 -8 §
nated by Li ions. Scheidt ef al.* later ruled out the existence i ’ £, i
3 )
of lithium amlde.and attrlbut'ed the superconductivity to the ook 1 s sampte] e
presence of the Li,(NH3), units. i 0 50T/ Lo 10 = /fi( or P
0 100 200 300

3.2. Physical properties

Figure 3 shows the M-T curves for nominal
NaFe,Se;>(NH3),. Zero-field-cooling (ZFC) and field-cooling
(FC) curves above the onset transition temperature are quite
flat and nearly temperature independent. The curves sharply

drop in both ZFC and FC, exhibiting a SC transition starts at

T/K

Fig. 3. The magnetization and electrical resistance of nomi-
nal NaFe,Se>(NH3),. The left inset (a) shows the temperature
dependence of the electrical resistance (R-T') of cold-pressed
NaFe,Se;(NH3), powder. The right inset (b) shows its mag-
netic hysteresises (M—H) measured at 10 K and 60 K in the range
—25k0e< H < 25 kOe (1 Oe = 79.5775 A/m), respectively, .33
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Fig. 4. Magnetization, electrical resistance, upper critical field (Hc),

and heat capacity of nominal BaggFe,Se,. (a) The magnetization of

nominal BaggFe;Se,(NH3), as a function of temperature. The in-

sets are R—T and M-H curves for Bag gFe,Ses(NH3),. (b) The low-

temperature electrical resistance for cold-pressed Bag gFe,Se,(NH3),

powder in magnetic fields H =0, 1 T,3T,5 T, 7 T, and 9 T, respec-

tively. The inset shows the temperature dependence of the onset 7.

The H,, is estimated to be about 36.5 T. (c) Low-temperature heat ca-

pacity of cold-pressed Bag gFe,Se,(NH3), powder. The red dotted line

is the curve fitting of phonon contribution to the heat capacity. 3!

about 46 K, comparable to the 48.7 K observed under high
pressure.[**] To further confirm the SC transition, we mea-
sured its M—H curves and p—T curve (see inset of Fig. 3). The
M-H curve at 10 K exhibits typical features of type-II super-
conductors. For the cold-pressed sample, though not reach-
ing zero resistance, a sharp transition in electrical resistance at
45 K is observed.

Very similar to NaFe;Se>(NH3),, BaggFe,Se)(NH3),
shows a SC transition at 39 K (see Fig. 4(a)), which is veri-
fied by a recent report of barium intercalated iron selenides. 4!
The superconductive shielding fraction is estimated to be
about 62% at 10 K. The M—H curves and p-T curve of
Bag gFeSex(NH3) y» shown in the inset of Fig. 4(a), confirm its
SC transition and the type-II superconductor. Its lower critical
field (H.p) is around 0.15 T and the upper critical field (Hc,)
is estimated to be about 36.5 T (see Fig. 4(b)). Figure 4(c)
shows the specific heat of cold-pressed Bao_gFezsez(NH3)y.
The electronic coefficient of heat capacity 7y is determined to
be 3.47 x 1073 mJ-g~!-K~2 according to the zero-temperature
intercept in the normal state. At lower temperatures, a clear
deviation from the linear change at 39 K is observed though
without apparent peak, again confirming the nature of bulk SC
in Bao_gFezsez(NH3)y.

Moreover, BAxFeZSez(NH3)y samples are relatively sta-
ble compared with metastable NaFe,Se>(NH3),, which may
gradually degrade even in a glove box. After samples are
exposed to air for one day or have contact with moist air,
the diffraction peaks of Bag 3Fe;Se>(NH3), show no apparent
change (see Fig. 5) and its 7, remains the same. The M-T and
M-H curves for other samples are shown in Fig. 6. They are
all superconductors and their respective 7.s are marked with
arrows. The transition temperature at 44 K in lithium doped

iron selenides was later confirmed by Burrard-Lucas et al. 34!
and Scheidt et al.3>!
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Fig. 5. The PXRD patterns of nominal Bag 3Fe>Se,(NH3), as-prepared,
exposed to air for one day, and contacted by moist air, respectively.
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Fig. 6. The magnetization of nominal (a) LiFe;Sex(NH3),,(b) Ko sFe2Sex(NH3)q 35, (¢) Cag sFexSex(NH3)y, (d) Srg sFeaSex(NH3)y, (e)

EuFe;Se;(NH3),, (f) Ybg.gFeySea(NH3),. The insets show their respective magnetic hysteresises. 133]

4. SC phases in potassium-intercalated iron se-
lenides

The compositions and structures for SC phases in
A,Fe; ,Ses (A = K,Cs,Rb,etc.), even though intensively in-
vestigated, still remain a mystery. The finding that SC phases
have integrated FeSe layers!>!?426.28] and the existence of
a 44-K SC phase**3!l imply that intercalated metal content
may play a crucial role in inducing superconductivity. How-
ever, fine-tuning the concentrations of metals intercalated in
between FeSe layers is not allowed by the high-temperature
routes. The successful syntheses of A,Fe,Se>(NH3), demon-
strate that LA method is an appropriate route to tune the con-

centrations of intercalated metals at low temperature. More-
over, low temperature is most helpful in preventing phase sep-
aration. Here, we report that in the potassium-intercalated
iron selenides at least two SC phases exist, differing mainly in
potassium concentration. One is close to Ko 3Fe>Sea(NH3) .47
with T, = 44 K, and the other is close to K¢ ¢Fe,Se>(NH3)g 37
with 7. = 30 K. Both are iron vacancy free and have no anti-

ferromagnetic ordering.

4.1. Identification of SC phases

A variety of compounds K,Fe;Se>(NH3), with x rang-
ing from 0.1 to 1 (their composition, 7;, and supercon-
ductive volume fraction are summarized in Table 2) were
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synthesized by the LA method. The PXRD patterns for
KxFeQSeg(NHg)y with x = 0.25, 0.4, and 0.65 are picked up
to represent the FeSe-residual, mixed, and potassium over-
doped regions, respectively (see Fig. 7(a)). Standard refer-
ence material Si was added to correct the diffraction peak po-
sitions. All the patterns could be indexed as a body-centered
tetragonal cell with similar lattice constants a but distinct val-
ues of ¢ with discrepancies up to about 1 A due to vary-
ing potassium concentration. From the magnified pattern for

the (002) peak in Fig. 7(b), we can clearly see that the peak
shifts are not continuous with the potassium content. In-
stead, only two distinguished peaks at 11.36° and 11.89° are
observed. Kgos5Fe;Ser(NH;3)047 exhibits one (002) peak at
26 = 11.36°, and K¢ ¢sFexSea(NH3)o 35 at 20 = 11.89°, indi-
cating these samples mainly consist of only one phase. How-
ever, Ko4FesSea(NH3)gs has two (002) peaks, containing
both phases.

Table 2. Composition, T¢, and superconductive volume fraction for K Fe;Se,(NH3),.

Nominal Composition by ICP-AES and Superconductive
Sample . . . T./K .

composition Micro-Kjeldahl method volume fraction/10 K

1 K(),] F62S62+NH3 - 44 10%

2 K0.2F62S62+NH3 K0.2F62.03Sez (NH3 )0(45 44 21%

3 K0,25F62562+NH3 K0.24F61A98562(NH3)0'49 44 40%

4 K0,27F62862+NH3 KO.Z()FBZ.OI Sez(NH3)0_45 44 44%

5 Ko.3Fe,Se,+NH3 K0_23F61497582(NH3)0_47 44 45%

6 K0,35 F62562+NH3 K0.33 FC]_%SSQ(NH3)0,4 43.5 & 36 & 30 41%

7 Ko.4 FerSe,+NH;3 Ko.4FezSex(NH3)o 5 43.5 & 36 & 30 37%

8 Ko.45 FerSer+NH;3 Ko.44Fe1 98Sea(NH3)0 4 43.5 & 36 & 30 55%

9 K0,5F62562+NH3 K0.48 F62,02862(NH3)0_35 43.5 & 36 & 30 63%

10 Ko.6 FeoSe,+NHj3 Ko.6 FeaSer(NH3)0.37 30 52%

11 Ko.65Fe2Ses+NH3 Ko.62Fe2Se2(NH3)g 35 30 48%

12 Ko.7Fe;Ser+NH; Ko.57Fe2.02Se2(NH3 )0 34 30 41%

13 Ko}gFezSez+NH3 Ko_ﬁgFezsez(NH3)0‘3 30 48%

14 KFeZSe2+NH3 - 30 30%

IA T T T T T T 5 T T T T T T T T T T T T T T
M (@) 1 K,Fe,Ses(NHg), (b)
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Fig. 7. (a) PXRD patterns for nominal K,Fe;Se>(NH3), (x = 0.25, 0.4, and 0.65, respectively) measured at 297 K, Cu Ko radiation.
The patterns were referenced against Si powder, denoted with ‘’. For x = 0.25, residual f3-FeSe denoted with ‘f’ is observed.
With increasing potassium content, the lattice with larger cell constant ¢ weakens and another lattice with smaller ¢ develops. The
coexistence of these two phases is clearly seen at x = 0.4. For x = 0.4 and 0.65, no peaks corresponding to 3-FeSe are observed. (b)

The enlargement of (002) peaks. The peaks are marked with arrows.

The M-T curves under FC for K s5FexSer(NH3) 49,
Ko .4FezSex(NH3)g 5, and Ko gsFeaSer(NH3 ) 35 are presented
in Fig. 8. Only one transition temperature is observed for
Ko.25FexSer (NH3 )g.49 and Ko ¢sFerSer(NH3)o.35 at 44 K and
30 K, respectively, which can be regarded 44 K and 30 K
phase-dominated. In contrast with them, there is an in-
flection point at 30 K apart from the onset 7 at 44 K for

Ko 4Fe>Sex(NH3)g 5, implying that two SC phases coexist.

[36]

All data for transition temperatures 7. and lattice con-
stants ¢ are summarized in Figs. 9(a) and 9(b). With x < 0.3,
samples exhibit onset 7; at 44 K and lattice constants ¢ of
15.56(1) A. While with x > 0.6, all samples exhibit onset T, at
30 K and ¢ of 14.84(1) A. These two phases are isostructural
to each other, except for the former phase’s lattice a shrinking
a little and ¢ expanding in comparison with those of the latter.

Between the two critical points, namely 0.3 < x < 0.6, these
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two SC phases coexist. This discrete behavior of T versus
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Fig. 8. FC M-T curves of samples with different nominal potassium
contents. When x = 0.25 and 0.4, onset T; at 44 K is observed. An in-
flexion point at 30 K can also be clearly seen for Ko 4Fe;Se,(NH3)g 5.
For x = 0.65, T shifts to 30 K.[3¢
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Fig. 9. (a) T¢s of K,Fe,Se>(NH3)y as a function of nominal potassium
contents x. They show abrupt changes against potassium content rather
than dome-like ones. With x lower than 0.3 or higher than 0.6, there
is residual B-FeSe or potassium. Between these two critical points, at
least two T¢s exist. (b) Lattice constants ¢ of K Fe;Se>(NH3), versus
nominal potassium content. Two distinct values of ¢ are displayed. For
x between 0.3 and 0.6, these two ¢ coexist. 30

potassium doping in K Fe;Se>(NH3), makes these materials
stand out among the known superconductors, as their struc-
tures are stable only at particular potassium doping levels, and
hence the variation of 7. with doping is not dome-like.

The decrease of 7. from 44 K to 30 K with the
increase of potassium doping from 0.3 to 0.6 implies
that Ko ¢Fe2Sex(NH3)g 37 is electron overdoped. Even for
Ko.3FesSe;(NHj3)g 47 yielding 0.15 electron per iron, it is still
higher than the doping level of single-layer FeSe films with a
)’[46,47

much enhanced 7;. (about 0.1 electron per iron !imply-

ing that Kg 3Fe;Ses(NH;3)0 47 may be still overdoped.

4.2. Effect of NHj3

NH3 can be co-intercalated with metals into varied lay-
ered compounds, as discovered long ago. Co-intercalated NH3
has been proven to assist in the insertion of the metal atoms by
opening up the layers, minimizing the polarization of the lat-
tice by the metal ion, and thereby, enhancing the diffusion of
the metal ion. While the NH3 can be subsequently removed by
vacuum treatment or heating, 8! some of these compounds are
stable only if the NH3 is retained, such as lithium-intercalated
MoS;, WS;, SnS,, and -FeSe.[?¥

ammonia extracted Ky 3FesSes

—— experimental
| main phase
| [(-FeSe

Intensity

10 20 30 40 50 60 70 80

20/(°)
ot (b)

- - 4K
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Fig. 10. (a) The PXRD pattern of nominal K¢ 3Fe,Se; after NH3 ex-
traction. The main phase can be indexed as a body-centered tetragonal
cell with lattice constants a = 3.87(1) A and ¢ = 14.28(4) A. (b) ZFC
and FC curves of nominal Ky 3Fe;Se, after NH3 extraction. Transition
at 44 K can be clearly seen. 3%

The existence of NHj; and its amount in metal-
intercalated iron selenides can be determined directly by a
chemical titration method or deduced from neutron powder
diffraction. But its influence on the superconductivity is not
clear yet. Burrard-Lucas et al. suggest that the enhancement
of the SC transition temperature of lithium-intercalated iron
selenide results from the combined effect of the increase in

the separation of the FeSe layers and electron doping.[**]
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We extracted NH3 from the samples and studied its in-
fluence on structure and superconductivity. The as-prepared
samples were loaded in the Schlenk tube, which was placed in
an oil bath and slowly heated to 200 °C to avoid the collapse
of the lattice, and evacuated through path 3 for several hours
(see Fig. 1). The PXRD pattern (see Fig. 10(a)) shows that
the phase remains while the lattice constants change after the
NHj; extraction. Lattice constant a expands from 3.843(1) A
to 3.87(1) A and ¢ shrinks a lot from 15.56(1) A to 14.28(4) A,
which is very close to that of the SC phase obtained by high-
temperature routes.'?!>*28] The prominent change of ¢ shows
that NH3 is successfully extracted from the sample. The
temperature-dependant magnetization in Fig. 10(b) shows the
onset T is still close to 44 K. These results demonstrate that
NHj3 has little, if any, effect on T, T is almost the same even
NHj3 is replaced by pyridine for LiyFe;Se>(CsHsN),, which
further confirms that the neutral spacers, such as NH3 and pyri-
dine, do not influence the superconductivity.*"!

4.3. A tentative structure of SC phases

The inserted NH3 is very likely to form hydrogen
bonds.[** A very tentative structure model is proposed in
Fig. 11. NHj3 is positioned through forming hydrogen bonds
with Se. The occupancy of potassium that is bonded with
nitrogen is not energetically favorable, as its concentration
is roughly in an inverse proportion with NH3; determined by
chemical analyses (see Table 2). The concentration of vacan-
cies is also low, since the sum of potassium content x and the
NH; content y is close to 0.65 ~ 0.98. Potassium tends to oc-
cupy the body-centered site and drive NH3 away from the unit
cell when potassium contents increase.

» < >
Ay A ey
OLQ‘ © C Qs

o _ 7N
¢ L,& St
v

C

vacancy
C © o
Fig. 11. A tentative structure model showing the occupancy of potas-

sium, vacancies, and NH3 in between the FeSe layers viewed from [100]
direction.

5. Summary and perspective

The LA method provides an effective way to intercalate
all the alkalis, most alkaline earths (except Be and Mg) and
some rare earths (Eu and Yb) into layered compound. In this

paper, our recent progress concerning the syntheses of a se-
ries of new FeSe-based superconductors and the clarification
of SC phases in potassium-intercalated iron selenides via the
LA method are reviewed. It is the metal content or electron
concentration that determines the superconductivity of metal-

intercalated iron selenides. The discrete 7., which makes

metal-intercalated iron selenides distinct from any other super-
conductors, is due to their structures being stable only at par-
ticular doping levels. From the point of view of optimal dop-
ing, the electron number per iron atom is still a little bit high
in the obtained metal-intercalated iron selenides. Fine-tuning
the concentrations of metals intercalated in between FeSe lay-
ers may lead to higher transition temperatures in this family of
superconductors.
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