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ABSTRACT: The pairing of ions of opposite charge is a central
principle of chemistry. Even though the ability to intercalate anions is
desirable for many applications, it remains a key challenge for
numerous host materials with their outmost layers beingn anions. In
this work, we introduce a hydrothermal ion-exchange synthesis to
intercalate oxidative S and Se anions between the Se layers of FeSe,
which leads to single crystals of novel compounds (Se/
S).(NH;),Fe,Se,. In particular, the unusual anion—anion bonding
between the intercalated S (or Se) and Se layers exhibits strong ionic
characteristics. The charge transfer through the Se layer to S (or Se)
intercalants is further confirmed by the elevated oxidation state of Fe
ions and the dominant hole carriers in the intercalated compounds.
By intercalating S, for the first time superconductivity emerged in
hole-doped iron chalcogenides. The generality of this chemical
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approach was further demonstrated with layered FeS and NiSe. Our findings thus open an avenue to exploring diverse aspects of

anionic intercalation in similar materials.

B INTRODUCTION

to be susceptible to intercalations of either cations or anions.

Intercalation, which enables the insertion of a charged or
neutral species into a host lattice,' has sparked great interest
for its wide-ranging applications in electrochemical energy
storage,z_4 electrochromic materials,’ transparent conductive
films,° and inducing unconventional or topological super-
conductivity.” In such cases, redox intercalation of charged
species with host—guest charge transfer is crucial for tailorin§
the charge accumulation and properties of the host materials.

For intercalation of charged species, the main category defining
the possible reactions is the charge on the host lattice. It is well
established that in host materials carrying charges, such as the
layered double hydroxides, the charge of the intercalants must
stay opposite to maintain charge neutrality.” While for neutral
host materials such as graphite and layered metal chalcoge-
nides, both cations and anions should be available for
intercalation through a reduction or oxidation reaction, making
the application of such materials even more diverse." However,
to date, only graphite8 and hexagonal-BN10 have been shown

-4 ACS Publications  © 2019 American Chemical Society

For a majority of neutral host materials, such as layered metal
chalcogenides (e.g, FeSe),"' metal nitride halides (e.g,
ZrNCl),"* metal oxychlorides (e.g, FeOCl),"> and metal
phosphorus trichalcogenides (e.g, FePS,),'* a key structural
feature continues to prevent the intercalation of negatively
charged species. In such materials, the metal layers are fully
encapsulated by negatively charged nonmetal layers, which
facilitates the intercalation of cations by forming ionic bonds
with the outermost anion layers but still renders the
intercalation of anions infeasible.'> To enable anion
intercalation in these materials, the resulting compounds
should be stabilized by the rare anion—anion bonding. Thus,
the procedure for inserting oxidative anions between adjacent
anion layers remains a key synthesis challenge in intercalation
chemistry, the solution of which may have broad implications
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Figure 1. (a) Powder X-ray diffraction patterns along (001) direction for Se/ Sx(NH3)yFeZSe2 and K, gFe, (Se, single crystals. (b) HAADF image

and compositional mapping of Sy ;,(NH;),,4Fe,Se,.

for anion intercalation and tailoring the properties of a large
number of materials.

FeSe is a prominent member of the well-known family of
iron—chalcogenide superconductors.'' Like other layered
chalcogenides, such as transition-metal dichalcogenides
(TMdACs), the metal layer of FeSe is encapsulated by
chalcogenide layers, and the adjacent chalcogenide layers are
combined together as a bulk solid by van der Waals
interactions.'® Since the heterovalence substitution in FeSe
easily destroys its superconductivity,'” the carrier doping in
FeSe, which is crucial for enhancing its unconventional
superconductivity, relies on the host—guest charge transfer
caused by redox intercalation.'® By inserting reductive K, we
have shown that electron-doping and enhanced super-
conductivity can be achieved in FeSe by intercalating cations."”
Subsequently, a large number of metal cations such as alkali
metals,”>*" alkaline earth metals, and rare earth metals®* as
well as a range of neutral or positively charged molecules,
including NH3,23 cetyltrimethylammonium(CTA") 2 LiOH,>
and other organic molecules,”®”” were generally introduced
into the iron—chalcogenide system to form a large electron-
doped superconducting family. The exotic electronic structure
without hole-carriers”® and the recently discovered Majorana
quasiparticles™ in this system are hotly debated in the field of
superconductivity. Despite recent advances in electron-doped
iron selenides, hole-doping in FeSe has not been achieved yet,
which is highly desirable for understanding the super-
conducting mechanism and exploring potential applications.
The absence of hole-doped FeSe-based superconductors is
mainly due to the aforementioned difficulties in intercalating
anions between anionic chalcogen layers.

Herein, we report a general chemical strategy for
intercalating oxidizing S and Se anions between chalcogen
layers in FeSe and related layered chalcogenides. In particular,
hole-doping-induced enhanced superconductivity is first
realized in a FeSe-based compound, Sy,,(NH;),,cFe,Se,, in
the form of large single crystal up to 0.8 cm. The crystal
structures determined by single crystal and neutron powder
diffraction data revealed that the intercalated S (or Se) anions
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are coordinated by two Se anions of the adjacent Se layers. In
particular, the charge density analysis based on the state-of-art
DFT-DMFT calculations shows strong ionic characteristics in
the unusual S—Se and Se—Se bonds, accompanied by the
significantly enlarged hole pockets after intercalation, suggest-
ing that charge transfer occurred between the Se layer and S
(or Se) intercalants. The findings are supported by the
enhanced oxidization state of Fe ions probed by both X-ray
photoelectron and ’Fe Mossbauer spectra as well as the
dominant hole-carriers in the intercalated compounds as
revealed by Hall resistivity measurements. As a result of
tuning the content of Se and S, enhanced superconductivity
emerged from a nonsuperconducting strange metal. The
generality of this anion intercalation chemical approach was
further demonstrated with other layered chalcogenides, that is,
FeS and NiSe. The findings reported here not only open an
avenue to the exploration and investigation of hole-doped iron
chalcogenide superconductors but may also have broader
implications for a large number of similar materials that have
exhibited resistance to anion intercalation.

B RESULTS AND DISCUSSION

Synthetic Procedures and Characterizations of (Se/
S),(NH;) Fe,Se,. The sulfur- or selenium-intercalated com-
pounds were synthesized using the K, ¢Fe, (Se, single crystal as
the precursor (the procedure is detailed in the Experimental
Section). Thiourea and selenourea were used as mild oxidants
that easily decompose and release S and Se ions in hot water.
Thiourea (alfa, 99.9% purity) or selenourea (alfa, 99.9%
purity) was dissolved in 10 mL of deionized water in a Teflon-
lined stainless-steel autoclave (volume 25 mL). Nano
crystalline iron powder (Aladdin Industrial, ~S0 nm in size,
99.99% purity) and pieces of K,4Fe, (Se, crystals were added
to the solution. Finally, the autoclave was sealed and heated at
100—130 °C for 80 h. The composition of the sulfur-
intercalated compounds can be adjusted by tuning the
concentration of thiourea, which yields two S intercalated
samples I and II, whereas the replacement of thiourea with
selenourea yield another Se-intercalated sample III (detailed in
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Table S1). After the reactions, large single crystals up to 0.8 cm
with silver metallic luster were obtained by leaching and
clearing (Figure la). Powder X-ray diffractions show that the
(001) reflections of the K, sFe, (Se, precursor are completely
replaced by a new set after reactions; see Figurela. The lowest
angle Bragg peaks at d-spacing of ~7.6—7.9 A, ~10% larger
than that for KggFe (Se,, suggest that new species are
intercalated between the FeSe layers. We further exfoliated
the crystals of samples I using Scotch tape, which resulted in
samples thin enough to obtain the high-angle-annular-dark
field (HAADF) images (Figure 1b). As shown in Figure 1b, the
elemental mapping shows a homogeneous distribution of
Fe,Se, and S atoms after the intercalation reactions.

Several different characterization techniques were used to
determine the elemental composition of the three new
compounds. As shown in Figure S1 and Tables S$2—S4,
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and energy-dispersive X-ray spectroscopy (EDX)
measurements indicate that all products contain no residual K.
The atomic ratio of Fe/Se is close to 1:1 for the two S
intercalated samples (I and II), suggesting that the FeSe layers
remain intact after the reactions, and the maximum S/Se ratio
reached 12 atom % in sample IL. For the Se-intercalated
sample (IIT), the atomic ratio of Se/Fe increased considerably
to 52.83/47.17, and the excess Se/Fe ratio reached 12 atom %
as well. Further, TG-DTA thermogravimetric data (Figure S2)
for all of the samples indicate notable weight losses during
heating. The chemical analysis of released species using a CHN
elemental analyzer indicated an N/H/C atomic ratio of
0.32(1):1:0, suggesting that the NH; molecule was cointerca-
lated along with sulfur/selenium. According to the results
presented in Tables S2—S4, the chemical formulas of the three
intercalation compounds are determined to be
So.12(NH;)g26FesSe; (1), So24(NHj)o,6Fe;Se; (II), and
Seg,4(NH;)o,:Fe,Se, (III), respectively. Based on the
determined compositions, the reaction pathway for the new
phases Se/S,(NH;),Fe,Se, can be described as follows:

K, gFe, ¢Se, + 0.4Fe’* + xCH,N,S/Se
- S/Sex(NH3)yFeZSe2 + 0.8K* 4+ xHCN + (x — y)NH,

Crystal Structure of (Se/S),(NH;) Fe,Se,. To determine
the crystal structures of the intercalation compounds, two
small specimens of Sy ;,(NH;)o,6Fe;Se; (152 X 66 X 11 um?)
and Sey,,(NH;), Fe,Se, (73 X 41 X 12 um?®) were selected
for the single-crystal X-ray analysis. Parts a and b of Figure 2
display the diffraction patterns for the two samples. The initial
crystal structures of S, ,,(NH;),,¢Fe,Se, and
Sey24(NH;),,,Fe,Se, were determined with lattice parameters
a=3.8528(2) A, ¢ =152330(3) A and a = 3.8605(2) A, ¢ =
15.8008(3) A, respectively. Both exhibit a tetragonal structure
with space group I4/mmm. The electron density maps shown
in Figure 2ab were constructed usin% the charge flipping
method implemented in Jana2006.”" The positions of
intercalated S/Se anions and NH; molecules can be clearly
located at either the 2a site (1/2, 1/2, 1/2) or the 2b site (0, 0,
1/2). In particular, we note that the charge density for the Se-
intercalated sample increases considerably in the 2b site,
suggesting that S or Se was located at the 2b site (0, 0, 1/2).
Based on this model, the structure refinements rapidly
converged to small residuals (R1 = 0.027 for I and 0.053 for
III). The crystallographic parameters are compiled in Tables
S7 and S9 in the Supporting Information.
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Figure 2. SCXRD patterns and charge density distribution from
SCXRD for (a) So1,(NH;)a6Fe;Se; and (b) Segz4(NH;)o21Fe,Se,.
(c) Structure model for Se/Sx(NHS)yFeZSeZ. (d) Observed (black
crosses) and calculated (solid red line) PXRD and NPD pattern-
(inset) for Sy,,(NH;),,6Fe,Se, at 295 K. Allowed peak positions are
marked by vertical lines: from the top, the main phase (blue) and
minor phases (purple)—FeSe.

The final crystal structure of Sy ,4,(NH;),,6Fe,Se,, including
the position of H atoms, was completed by neutron powder
diffraction (NPD) data (see the Experimental Section). As
shown in the inset of Figure 2d, the constituent H produced a
characteristic incoherent background in the NPD pattern. A
structural model based on space group I4/mmm was adopted
following the results of single-crystal X-ray refinements, and
the remaining nuclear scattering density is revealed by
computing Fourier difference maps. The refinement resulted
in a satisfactory fit to the NPD data, with the H atoms located
on the 16m site (x, x, z), bonded to the N atom (2a site (0, 0,
0)) at about 1 A. S was located at site (0, 0, 1/2) (2b site)
between the two Se anions in layers. Refinement of the site
occupancies of the NH; and the S leads to a composition of
S024(1)(NH;)g26(1)Fe,Se,, which is consistent with the sample
composition by chemical analysis. The tables of refined
parameters are deposited in Table S8, and this structural
model is further confirmed by the Rietveld refinement against
powder X-ray data shown in Figure 2d.

To probe the effect of S or Se intercalations on the crystal
structures, we turned our attention to the geometry of FeSe,
tetrahedra because of their sensitivity to carrier doping. It is
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widely acknowledged that the FeSe, tetrahedra are compressed
in pristine FeSe and that upon electron-doping the FeSe,
tetrahedra are distorted further. As shown in Table SS, the
geometry of FeSe, tetrahedra responds in an opposite way in
samples I-III. For instance, the Se—Fe—Se bond angles are
107.664(3)° (x2) and 110.800(4)° (x4) in
So24(1)(NH3)g26(1)Fe,Se,, in comparison with 103.9° (x2)
and 112.3° (x4) for FeSe and 102.9° (x2) and 112.8 (x4) for
electron-doped Liy4(ND,),,(ND;),sFe,Se,.”” Moreover, the
bond length of FeSe in samples I-III is close to or even
smaller than that of pristine FeSe, which is also opposite to the
effect of electron doping, which trends to elongate the FeSe
bonds. In short, the structural evolution of the FeSe layer upon
S/Se intercalations systematically deviates from the known
effect of electron doping.

Host—Guest Charge Transfer in (Se/S),(NH;) Fe,Se,.
X-ray photoelectron spectroscopy (XPS) is a powerful
technique for investigating the charge transfer and valence
state of materials. Figure 3a—c and Figure S3 present the XPS
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Figure 3. (a=c) XPS pattern of S;,,(NH;),,sFe,Se,(11),
Seg24(NH;),, 1 Fe,Se,(I11), and FeSe at 300 K. (d—f) "Fe Mossbauer
spectra of (d) Sp,4(NH;)o26Fe,Se,, () Seq24(NH;)o,1Fe,Se,, and (f)
FeSe at 300 K. The zero-velocity origin is relative to a-Fe at room
temperature.

pattern of Fe 2p, Se 3d, S 2p, and N 1s core-level spectra of
S024(NH;z)oa6Fe;Se;, Seqrq(NH;y)o, Fe,Se,, and pristine FeSe
measured at 300 K. Upon S intercalation, the binding energy of
Fe 2p3/2 (711.15 eV) increased by 0.25 eV in comparison
with the value in FeSe (710.9 eV)’' but was still 0.65 eV
smaller than the binding energy in FeCl; (711.8 ev).?
Notably, the measured binding energy for S 2P3/2 is 161.9 eV,
the same as in CdS (161.9 eV)** and far from the value in the
S element (164.0 eV).”* The binding energy of N 1s (399.8
eV) is very close to that of ammonia intercalated
compounds,” confirming that nitrogen exists in the form of
neutral ammonia molecules (Figure S3). The XPS results
indicate the Fe?* ions are partially oxidized, suggesting the
hole-carriers are transferred into FeSe layers. Therefore, the
charge balance formula of S;,,(NH;),¢Fe,Se, can be written
as [(S)* 1024[NH;1y,6 [(Fe)****], [(Se*™)],. Similarly, for the
Se-intercalated samples, the binding energy of Fe 2p3/2
(711.08 V) increases by 0.18 eV, indicating that the iron is
also oxidized upon Se intercalation, but to a less extent,

possibly due to the lower electronegativity of Se in comparison
with S.

Because the XPS technique is more surface sensitive, we
further characterized the valence state of Fe in (Se/
S).(NH,),Fe,Se, using *’Fe Mdssbauer spectra, which is an
inherent bulk technique. For nonmagnetic materials, the Fe
valence state can be probed by both isomer shift and
quadrupole-splitting parameters. In the case of FeSe and its
intercalation compounds, the coordination number of Fe is
unchanged, which means that an increase in the Fe valence
state should decrease both the isomer shift and quadrupole
splitting parameters. As shown in Figure 3d—f, the isomer
shifts of FeSe, Seq,,(NH;),:Fe,Se,, and Sg,4(NH;),,6Fe,Se,
are determined to be 0.46(2), 0.43(4), and 0.37(2) mm/s,
respectively. The quadrupole splitting parameters of FeSe,
Seo24(NH;)o21FeySey, and Sp,4(NH;)g6Fe,Se; are deter-
mined to be 0.415(1), 0.325(2), and 0.249(1) mm/s,
respectively. The decreases in isomer shift and quadrupole
splitting parameters consistently suggest that the valence of Fe
is increased by intercalating Se, and to a larger extent by
intercalating S, which is in line with the XPS data and further
confirmed hole-carriers doping in Se/S,(NH;),Fe,Se, serial
compounds.

Analysis of the Bonding and Electronic Structure. The
finding that S/Se intercalants oxidized the FeSe layer in Se/
Sx(NH3)yFe2Se2 has an interesting consequence, which means
the chemical bonds between S/Se intercalants and FeSe layers
should have high ionic characteristics. This seems quite
unusual, considering that S/Se intercalants actually bond
with Se. To clarify the bonding nature between (S/Se)—Se and
the consequence of S/Se intercalation, we performed ab initio
DFT-DMFT calculations using the Win2K code to investigate
the charge density and electronic structure. The charge density
p(r), Laplacian for charge density \/,0(r), and the algebraic
sum of the three principal curvatures 4,, 1, (perpendicular to
the bond), and A; (parallel to the bond) of p(r) are the
appropriate tools for analyzing the bonding nature based on
charge density.”® In Figure 4 and Table S6, we present the
results of the topological analysis of the charge concentration
and depletion at bond critical point (BCP, where \/p(rgcp) =
0) based on the state-of-art DET-DMFT calculations. First, the
charge density at the BCP of the Se—S/Se bonds is remarkably
lower than those bonds classified as polar covalent bonds,
including third-row elements such as S and P, and is closer to
the ionic Zr—N bond.*” Second, as a signature of ionic bond
characteristics, the Laplacians at the BCPs for Se—S/Se bonds
are both positive, with the \/,p(rzcp) reaching 3.09 and 3.34
for Se—S and Se—Se bonds, respectively. Third, the ratios of
[A11/43 for Se—S and Se—Se bonds are 0.376 and 0.452, and a
value smaller than 1 is a good indication of high ionic
characteristics. In short, the topological analysis on the charge
density consistently suggests that the bonding between the S/
Se anions and FeSe layers have strong ionic characteristics.

The deformation charge densities, pyef = Porystal — Pram (1AM
= independent atom model), in the Fe—Se—S (or Se) planes of
the two structures are shown in Figure 4c,d. These plots show
the expected features of a polar covalent bond between Fe—Se,
as revealed by the positive density peaks in the internuclear
Fe—Se regions. Notably, no obvious charge accumulation
exists in the internuclear Se—S or Se—Se region, in sharp
contrast to the common covalent bonds between chalcogen
atoms in other materials. The rare ionic characteristics of the
Se/S—Se bond play a key role in oxidizing the FeSe layer
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Figure 4. (a, b) Laplacian for charge density p(r) in the Se—Fe—S
(S024(NHz)o6Fe;Se,) plane and Se—Fe—Se (Seq4(NH;)oa1 Fe,Sey)
plane. Positive values of V,p(r) are depicted by green and negative by
blue. Red dash is the guiding line for the bond and purple dot is the
critical point in the bond that Vp(r) = 0. The gray line is the contour
line for the charge density. (c, d) Charge density difference for
So24(NH;)o,6Fe,Se, and Seg,(NH;),,,Fe,Se, using the contour
increment is 0.05 electron X A™>. Positive contours are plotted with
res lines. Negative contours are plotted with blue lines.

because the formation of Se/S—Se covalent bonds will weaken
the oxidizability of Se within the FeSe layer and reduce the
valence of Fe.

The amounts of charge transfer between the FeSe host layer
and S/Se intercalants can also be derived from integrating the
electron density over the atoms. According to Bader’s analysis
of the charge density, the pristine FeSe layers are generally
charge compensating (Fe + 0.41 e, Se —0.41e). In contrast, in
Sx(NH3)yFeZSe2, a considerable number of electrons trans-
ferred from the FeSe host layer to S intercalants ((FeSe),, +
0.28 e; S —0.28 e), in line with the pervious experimental
finding that FeSe is oxidized upon S intercalation. Moreover, a
similar analysis of Se,(NH;),Fe,Se, suggests the host—guest
electron transfer occurred to a lesser extent under Se
intercalation ((FeSe),, +0.10e; Se, —0.10e).

Parts a—c of Figure 5 show the band structures of
S024(NH;z)oa6Fe;Se;, Seqy4(NH;)oz FeySe,, and FeSe calcu-
lated using the DMFT-DFT method (Figure S6 presents the
band structures calculated by DFT). For bulk FeSe, there are
four bands crossing the Fermi level, with two hole-like bands
around the zone center (M point) and two electron-like bands
around the zone corner (I" point). Luttinger’s theorem states
that the volume enclosed by a material’s Fermi surface (FS) is
directly proportional to the particle density. For bulk FeSe, the
volumes enclosed by the Fermi surface are found to be 0.230
holes/cell and 0.231 electrons/cell, in line with the almost
compensate electronic and hole carriers in bulk FeSe.***’
Because the S anion is intercalated into the FeSe layer, a new

hole-like pocket emerged at I" point. Parts d and g of Figure 5
present the Fermi surface of Sj,,(NH;),,sFe;Se,. In
comparison to bulk FeSe (Figure Sc), a new hole type FS
occurred in Sj,,(NH;)y,6Fe,Se, at T’ point. Two types of
Fermi surface coexisted in this system: two 2D cylinder-like
FSs and a large-size 3D ellipsoid-like FS, analogous to hole-
doped iron pnictide superconductors, e.g., Bay 4, K 3:Fe,As,. "
The volumes enclosed by the Fermi surface are found to be
0.925 holes/cell and 0.305 electrons/cell, namely a carrier
density of 4.02 X 10%! holes/cm?® and 1.32 X 10%! electrons/
cm?®. This result suggests that the S intercalation significantly
increased the hole carrier concentration but decreased the
electron-carrier concentration. Further calculation of
Seo24(NH;),,Fe,Se, shows that the three hole-like pockets
still existed around I" point, and maintained a similar topology
with Sy,,(NH;)o,Fe,Se,. The enclosed hole carriers are 0.893
hole/cell, namely a carrier density of 3.8 X 10*' holes/cm?,
roughly equal to Sy,,(NH;),,6Fe,Se,. However, the enclosed
electron carriers are slightly larger, that is, 0.412 electrons/cell,
namely a carrier density of 1.7 X 10*' electron/cm®.

Dominant Hole-Carriers and Superconductivity.
Figure 6a,b and Figure S4 display the field (B) dependent
Hall resistivity p,, for S;,,(NH;),,sFe,;Se, and
Se24(NH;)o 2 Fe,Se,. It is worth noting that in FeSe, the p,,
show a notable quadratic dependence on B, and the data are
best fitted by a two-band model, with comparable contribu-
tions from both electron and hole carriers. In contrast, the
measured Hall resistivity p,,(B) of S;,4(NH;)o,6Fe;Se, and
Seq24(NH;),,Fe,Se, show a good linear dependence on B up
to 9 T. This linear behavior of Hall resistivity is described by a
single-band model, suggesting that the Fermi surface of the
intercalated compounds is dominated by one type of carriers.
More importantly, the derived Hall coefficients Ry, = p,,/uH
is positive from 20 to 250 K, confirming that the dominant
carriers in the two compounds are holes, in line with the XPS,
and Mossbauer spectra results that indicate that the FeSe layers
are oxidized (hole doped) after the intercalations. The carrier
densities of Sy,4(NH;)o,6Fe,Se, and Seq,,(NH;),,,Fe,Se,
fitted by a single-band model are listed in Table S10.

Figure 7a shows the temperature dependence of in-plane
resistivity p,(T) at zero field from 10 to 200 K. For all the
measured samples, the in-plane resistivity p,,(T) exhibits a
metallic behavior. Notably, the Se intercalated sample presents
a linear variation of resistivity with temperature, a striking
deviation from the conventional metallic (Fermi liquid)
behavior. Upon § intercalation, the T> dependent resistivity
is gradually resumed by increasing the S contents. Moreover,
sharp superconducting transitions appear for S intercalated
S.(NH;)o,sFe,Se, samples, with the onset superconducting
transition temperature T.°*" = 7 K at x = 0.12 (I) and further
enhanced to 11.5 K at x = 0.24 (II). As shown in Figure 7b, the
ZFC dc magnetic susceptibility 4zy(T) of two
S.(NH;),, Fe,Se, crystals at y= 1 mT shows consistently
that the superconducting shielding emerges at 7 and 11 K, with
a rather sharp transition width. The superconducting volume
fractions (SVFs) estimated from the ZFC data are about 100%,
indicating bulk superconductivity in hole doped
S.(NH;),Fe,Se, single crystals. Furthermore, as shown in
Figure S7, a clear jump in the specific heat (Cp) is observed
around the transition temperature T, and this signature of
superconductivity is considerably suppressed under external
magnetic field up to 5 T. We further fit the C,(ST) data above
T, using the equation C,/T =y + BT, with fitted y = 0.2842
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view of the Fermi surface. The Fermi energy is set to zero.

mJ g~' K2, = 0.00162 mJ g~' K™*. Meanwhile, extrapolating
the C,(0T) data to 0 K leads to a residual 7, = 0.0994 mJ g™'
K72, the results indicating that the SVFs exceed 65%. The clear
tendency between increased S contents and enhanced T,
suggest that the S.(NH;)Fe,Se, (x = 0.12, 0.24) super-
conductors are still under-doped. To realize high temperature
superconductivity in hole-doped FeSe systems, future effects
are necessary to increase the contents of S, or researchers
should try to introduce other stronger oxidant in between the
FeSe layers.

It is worth noting that we have also succeeded in
intercalating S or Se anions into other metal chalcogenides,
such as NiSe and FeS, based on a similar ion-exchange method.
The single crystals of metal cation intercalated KNi,Se, and
KFe,_,S, are used instead as the precursors. In Figure S5, we
present the as-synthesized S intercalated S,(NH;),Ni,Se, and
S.(NH;),Fe,S, single crystals as well as their charge density
based on single-crystal diffractions and powder diffraction data.
The similarity of charge density between the two compounds
and S,(NH;),Fe,Se, suggests that they are isostructural, and
that S has been successfully intercalated between the NiSe and
FeS layers. For many decades, only graphite and hexagonal-BN
have been known to be susceptible to intercalations of either
cations or anions. Our findings suggest that based on this ion-
exchange strategy, even more layered solids that accommodate
either cations or anions intercalants can be obtained and
investigated in future research.

B CONCLUSION

We report a general chemical strategy for intercalating
oxidizing chalcogenide anions into FeSe single crystals using
a hydrothermal ion-exchange redox reaction. We successfully
intercalated both S and Se anions along with NH; molecules

into FeSe to form almost centimeter-sized single crystals of
compounds: Se/Sx(NH3)yFeZSe2. The determined crystal
structures revealed direct anion—anion bonding between the
chalcogenide intercalants and the FeSe layer. XPS, 'Fe
Mossbauer spectra and Hall measurement consistently
suggested that the S/Se intercalation involve hole-carrier
doping, resulting in partial oxidation of the FeSe sheets.
Quantitative analyses based on theoretical charge density
demonstrated that the interlayer S—Se or Se—Se bonds have
high ionic characteristics. As a result of the oxidizing anionic
intercalation, the S intercalated compound represents the first
example of hole-doped FeSe superconductors. Our results
open up new possibilities for exploring hole-doped iron
chalcogenide superconductors. Moreover, the synthesis strat-
egy reported here may have broader implications for a large
number of similar host materials that have exhibited resistance
to anion intercalation.

B EXPERIMENTAL SECTION

Sample Synthesis. For the first step, KysFe,¢Se, crystals were
grown using the self-flux method as a matrix, which yield pieces of
Ky sFe, ¢Se, crystals with golden metallic luster. Then, thiourea (Alfa,
99.9% purity) or selenourea (Alfa, 99.9% purity) was dissolved in 10
mL of deionized water in a Teflon-lined stainless steel autoclave
(volume 25 mL). Nano crystalline iron powder (Aladdin Industrial,
~50 nm in size, 99.99% purity) and several pieces of K,sFe,(Se,
crystals were added to the solution. Finally, the autoclave was sealed
and heated to 100—130 °C for 80 h. Upon recovery, large single
crystals with a different silver metallic luster were obtained by leaching
and clearing. In the case of thiourea, two thiourea concentrations of
0.4-0.45 and >0.5 g/mL were used to tune the composition of
intercalated S cations, which yielded samples I and II. In the case of
selenourea, the highest quality sample was obtained at a selenourea
concentration of 10%, which yield samples III. The nominal
stoichiometry for each crystal is listed in Table S1.
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Figure 6. (a, b) Field dependence of Hall transverse resistivity p,, for
S024(NH;)o6Fe;Se; and Seq,(NH;)o21Fe,Se,.

Structural Characterization and Composition Determina-
tion. Neutron powder diffraction (NPD) experiments were
conducted using Ge 311 (4 = 2.077S A) monochromators. Data
were collected over the 20 ranges 3.0—160.0° (Ge 311) with a step
size of 0.05° at 295 K. The NPD experiments were carried out in the
NIST Center for Neutron Research. Powder X-ray diffraction
(PXRD) patterns were collected at room-temperature on a
PANalytical X’pert Pro X-ray diffractometer operated at 40 kV
voltage and 40 mA current using Cu Ka radiation (4 = 1.5406 A). The
20 range was 10—80° with a step size of 0.02. Indexing and Rietveld
refinement were performed using the DICVOL91 and FULLPROF
programs. Single crystal X-ray diffraction (SCXRD) patterns at 295 K
were collected using a Bruker D8 VENTURE PHOTO II
diffractometer with multilayer mirror monochromatized Mo Ka (4
= 0.71073 A) radiation. Unit cell refinement and data merging were
performed using the SAINT program, and an absorption correction
was applied using Multi-Scans scanning. Structural solutions with the
I4/mmm space groups were obtained for S, ;,(NHs;),,4Fe,Se, and
Seq24(NH;),,,Fe,Se, by intrinsic phasing methods using the program
Superflip, and the final refinement was completed with the Jana2006
suite of programs. The Fe occupancy is refined during the final cycles
of refinements against single crystal and neutron powder diffraction
data, and no obvious vacancy is evident. We hence fixed the Fe and Se
site to be stoichiometric at the end of the refinements. The electron
density maps of the two samples were first constructed by charge
flipping method implemented in the Jana2006 software. Scanning
electron microscopy (SEM) images (Figure S1) were taken on a
Phenom pro XL microscope equipped with an electron microprobe
analyzer for the semiquantitative elemental analysis in the energy
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Figure 7. (a) Temperature dependence of the electric resistivity p of
So.12(NH;),6Fe;Se; (wine), Sg,4(NH;)g,6Fe,Se, (red), and
Seo24(NH;)o,,Fe,Se, (blue). The data are fitted based on the
power-law form p = p, + AT". Inset: expanded view around T.. (b)
Zero-field cooled (ZFC) magnetization for
So.12(NH;)g56Fe;Se,(wine) and Sp,4(NH;)o6Fe,Sey(red) (Hye = 10
Oe), and the inset is the ZFC magnetization for Se;,,(NHs;),,,Fe,Se,
(H=1T).

dispersive X-ray spectroscopy (EDX) mode. CHN elemental analysis
was performed on a CE-440 CHN elemental analyzer to determine
the type of intercalated molecules. Thermogravimetric analyses
(TGA) were carried out to confirm the content of NH; molecule
using a Q600SDT thermal analyzer under N, atmosphere in the
temperature range of 30—450 °C. The outcomes of the chemistry
analyses are listed in Tables S2—S4. X-ray photoelectron spectroscopy
(XPS) data were collected with a PHI Versa Probe Scanning XPS
Microprobe using Al(Ka) radiation (1486 eV). Ribbons were
transferred to a carbon substrate for XPS measurement. 'Fe
Mossbauer spectra were recorded using a constant-acceleration
spectrometer, a helium bath cryostat and a "Co(Rh) Mdssbauer
point source with an active spot diameter of 0.5 mm. Isomer shift
values are quoted relative to @-Fe at 293 K. The high-angle annular-
dark-field (HAADF) images were obtained using an ARM-200F
(JEOL, Tokyo, Japan) scanning transmission electron microscope
(STEM) operated at 200 kV with a CEOS Cs corrector (CEOS
GmbH, Heidelberg, Germany) to cope with the probe forming
objective spherical aberration.

Magnetic Susceptibility and Resistivity. Magnetization and
resistivity measurements were carried out using a SQUID PPMS-9
system (Quantum Design). Magnetic susceptibility measurements
were made in dc fields of 10 Oe in the temperature range 5—300 K
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after cooling in zero applied field (ZFC). Temperature dependence of
the resistivity p(T) of Se/ Sx(NH3)yFezSe2 was measured in a standard
four-probe configuration with the applied current less than 2 mA. The
Hall coeficients (Ry) of Se/S.(NH;),Fe,Se, were obtained by a
linear fit of Hall resistivity(p,,) and B from =9 to +9 T at the
temperatures 20, 40, 60, 80, 120, 160, 200, and 250 K, respectively.

Theoretical Calculations. Theoretically derived electron den-
sities of Se/ Sx(NH3)yFeZSeZ were obtained from periodic ab initio
DFT calculations based on the experimental geometry using the
WIEN2k program package. The experimentally determined crystal
structures including the internal atomic positions were used for
calculations, the charge neutral NH; molecular is omitted for
simplicity. Calculations were performed using the Perdew—Burke—
Ernzerhof functional on 10000 k grids used for sampling the first
Brillouin zone. The required mesh for the calculation planes was
obtained with Xcrysden software. Bader analysis based on the
theoretically derived electron densities were performed with AIM
packages in WiEN2K. DFT calculations were carried out using the
linearized augmented plane wave method as implemented in WIEN2k
to theoretically study the band structures for S;,,(NH;),,sFe,Se,,
Seo24(NH;)o,,Fe,Se,, and FeSe (Figure S6). To account for
correlation effects, we used fully charge self-consistent dynamical
mean field theory combined with density functional theory (DFT
+DMFT) to calculate the electronic structures shown in Figure S.
Inverse temperature is set to be 1/116 K™' to ensure the tetragonal
phase of FeSe is stable, and the electronic structure of the three
compounds can be directly compared. The calculations related to
DFT were performed using the local density approximation (LDA).
Instead of constructing correlated orbitals from Wannier functions, we
used the projection and imbedding process as detailed in ref 40.*" The
impurity problem in DFT+DMFT calculations was solved using the
continuous time quantum Monte Carlo (CTQMC) method. The
double-counting scheme used in our calculations is the form Epc=
U(ng — 0.5) — J(ng — 1)/2, where ng is the Fe 3d occupation and is
obtained from self-consistent DET+DMFT calculations. The value of
the Agr:—}site Coulomb repulsion (U) is 5.0, and the Hund’s coupling is
0.8.77™
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