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ABSTRACT Intercalation of organic cations in superconducting iron selenide can significantly increase
the critical temperature (T.). We present an electrochemical method using -FeSe crystals (T. = 8 K)
floating on a mercury cathode to intercalate tetramethylammonium ions (TMA") quantitatively to obtain
bulk samples of (TMA)osFe.Se; with T. =43 K. The layered crystal structure is closely related to the
ThCr,Si;-type with disordered TMA™ ions between the FeSe layers. Although the organic ions are not
detectable by X-ray diffraction, packing requirements as well as first principle DFT calculations constrain
the specified structure. Our synthetic route enables electrochemical intercalations of other organic
cations with high yields to greatly optimize the superconducting properties, and to expand this class of

high-T. materials.

In a superconductor electrons form pairs and electric currents flow dissipation-less below a critical
temperature (T¢). Iron-based superconductors discovered in 2008"* represent the second class of high-
temperature superconductors beyond the copper oxides, and attract tremendous interest equally in the
physics and chemistry communities.” While superconducting wires based on copper oxides begin to
capture the market in energy technologies,** iron-based superconductors are still in an early stage of
innovation.®® Their main drawback is the critical temperature below the boiling point of liquid ammonia
(77 K),’ but in spite of immense efforts no bulk iron-based superconductor has reached the 77 K
landmark so far. However, the finding of superconductivity up to 99 K' in thin f3-FeSe films proved the
potential for higher critical temperatures, once the right composition and structure is found. The
common structural trait of all iron-based superconductors are layers of edge-sharing FeX,, tetrahedra

(Fe**, X =As, Se), separated by interstitial atoms of various kinds. An impressive family of



superconducting compounds'' emerged by stacking of FeX layers with layers of alkaline," alkaline-
earth,” or rare-earth ions,"* mixtures thereof,”” or with thicker perovskite-like oxide layers.'® A special
case is the S-polymorph of iron selenide FeSe, which is a superconductor below 8 K without doping."”
High pressure raises T. of bulk -FeSe to 36.7 K at 8.9 GPa,'"® while one unit cell thin FeSe layers exhibit
superconductivity up to 99 K when doped with electrons.>** Likewise the critical temperature of bulk
B-FeSe increases by electron transfer from cationic species in the van-der-Waals gap. Solid state
reactions of -FeSe with potassium yielded superconducting samples with T. around 30 K,*! which are
phase separated.*

However, intercalation reactions with 3-FeSe as host compound can proceed at low temperatures via
soft chemistry methods.”*”” Examples are the intercalation of lithium ions with amine and amide species
in liquid ammonia (Li(NH.),(NH3):-,Fe:Ses, T. =43 K),*® lithium hydroxide layers by hydrothermal
methods ([(Li,..Fex)OH]FeSe, T.=42K)*, or alkaline ions with amine molecules by solvothermal
reactions (Nags3o(C,N2Hg)o77FesSe,, Te = 46 K).2

Another promising approach is the electrochemical intercalation of alkali metal ions. Several studies
reported electrochemically intercalated FeSe compounds with critical temperatures around 40£5 K.****
Almost all of these materials suffer either from inhomogeneity, small superconducting volume fractions,
or incomplete conversion of the host -FeSe. Only recently, Shi et al. reported the intercalation of large
cetyl-trimethylammonium ions (CTA*)*>** and tetrabutylammonium ions (TBA*)” in individual g-
FeSe crystals with superconducting transitions up to 50 K. A drawback of this method is the tiny sample
amount, consisting of one tiny crystal on the tip of an indium wire. Furthermore, the knowledge about
the structures of the CTA* and TBA* intercalates is still incomplete and limited to the distance between

the FeSe layers so far,”*

while the detailed structure, even of the FeSe layers therein, remains unknown.
Here, we demonstrate the electrochemical intercalation of tetramethylammonium cations (TMA*) into
B-FeSe. A modified setup of the electrochemical cell yields single phase bulk samples of (TMA),sFe,Se;
with a superconducting transition at 43 K. We deduce a crystal structure closely related to the 122-type

iron arsenide superconductors with ThCr,Si,-type structure.

Single crystals of the host f-FeSe were prepared by chemical vapor transport as described in the
literature.®* An optimized setup allows to grow about 1 gram S-FeSe crystals within one week. The
quality of the host material was checked by powder X-ray diffraction of the crushed crystals and by

magnetic susceptibility measurements. A portion of 3-FeSe crystals was distributed on a drop of mercury
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in an amalgamated copper spoon serving as the cathode.*’ The crystals float on the surface of the
mercury ensuring the electrical contact between the cathode and the electrolyte consisting of
tetramethylammonium iodide (TMAI) dissolved in dry DMF. For details, we refer to the supporting
information. During the electrolysis, the I" in the electrolyte is oxidized to I3, while -FeSe is reduced
electrochemically with the charge compensated by the intercalation of TMA* ions. After the reaction is
complete, the black air-sensitive crystals are easy to separate from the mercury drop. The yield scales
with the size of the mercury surface and is about 50 to 200 mg per process cycle.

Figure 1 shows the powder X-ray pattern with the Rietveld fit. No impurity phases or residual 3-FeSe
are discernible within the limits of the method (= 1 wt. %). Some intensities slightly deviate, which is

caused by the preferred orientation of the plate-like crystallites.
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Figure 1. X-ray diffraction pattern of (TMA)osFe,Se, (blue) with Rietveld fit (red) and difference curve
(grey).

The crystal structure was solved from the powder X-ray diffraction data in the space group I4/mmm
with lattice parameters a = 3.8585(2) A, ¢ = 20.377(3) A. Only the iron and selenium atoms contribute
significantly to the diffraction pattern, because CHN atoms are weak scatterer and the orientations of
the TMA" ions are very likely disordered. However, the nitrogen atom in the center of the TMA" ion is
not affected by the disorder and was included in the refinement, though its contribution is expectedly

weak. Relevant crystallographic data are compiled in Table 1.



Table 1. Crystallographic data of (TMA),sFe,Se,

Space group I4/mmm (139)
Lattice a=3.8585(2)
parameters (A) ¢=20.377(3)
Volume (A% V =303.4(1)
Z 2

Density (g-cm™) 3.03(1)

Rexp/ Rragg 0.815/1.269
Ry/Rup 1.940/2.789
GooF 3.423

Atomic coordinates and displacement parameters

Atom Wyckoff x y z SOF Biso

Fe 4d 0 Y Ya 1 2.0(1)
Se 4e 0 0 0.3160(4) 1 1.2(1)
N 2a 0 0 0 0.5 3.9(1)

Bond distances (A) and angles (°)

Fe-4Se 2.352(3) @ Se-Fe-Se  110.2(3)

This atom configuration in the space group I4/mmm corresponds to the ThCr,Si,-type structure, known
as the “122-type” structure of the iron arsenide superconductors.”” Even though the cavities in the
structure around the N-atom sites at (0,0,0) and (%2,%,%) appear large (Figure 2a), they are not large
enough to be fully occupied by TMA* ions. The encasing sphere of a tetrahedrally shaped TMA* ion has

a diameter of 5.5-5.6 A*>* and is therefore incompatible with the lattice parameter a = 3.8585(2) A.
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Figure 2. Crystal structure of (TMA)osFesSe; a: Structure determined from powder X-ray diffraction in
space group I4/mmm. Large green spheres indicate the space required by a TMA" ion. b: Doubled unit
cell with a'=v2a , b'=v/2 b with perfectly fitting TMA spheres. c: Complete structure of (TMA),sFesSe;
in space group I42m with hydrogen bridges shown as dashed bonds. d: Space filling model e: View
perpendicular to the TMA™ layers.

Indeed the diagonal of the unit cell V2a = 5.457 A has the suitable size to acccomodate neighboring
TMA" ions (Figure 2b), thus we assume that the positions (0,0,0) and (%2,%,%) are statistically half
occupied, resulting in the formula (TMA)osFe;Se,. An ordered model of the structure in space group
142m is shown in Figure 2c as ball-and-stick representation, and in Figure 2d with the van-der-Waals
radii of the atoms. Figure 2e shows how the TMA* ions almost perfectly fit in the vV2a x v2a supercell.
The space filling of this structure as calculated by PLATON* is as high as 77 %, similar to a typical
compound with ThCr,Si,-type structure like BaFe,As, which has a space filling of 82 %. Each two of the
three hydrogen atoms at the -CH; groups form C-H--Se hydrogen bridges with a H---Se distance of
272 A (Figure 2c¢), similar to the N-D--Se distance of 2.76 A measured by Burrard-Lucas et al. in
Li«(ND;),(NDs)-,Fe;Se; using neutron diffraction.”® We do not expect more accurate structural data
from neutron diffraction because of the orientational disorder of the TMA* molecules. In comparable
compounds like Nay39(C;N,Hs)o77Fe;Se,, the molecules could not be localized by neutron diffraction

either.?



We have checked the validity of this model by first principle DFT calculations using the VASP code.**

DEFT reproduces experimental structures within a certain accuracy that depends on the functional used.

We have chosen the SCAN*® functional, which reproduces the experimental lattice parameters of our

compound within 0.1 %. The Fe-Se bond length and Se-Fe-Se bond angle deviate by only +2.2 % and

+0.4 % from the experimental values, respectively. Table 2 shows the calculated structure data in the

space group I42m with experimental values in square brackets. Table S1 compares the experimental

parameters with calculated ones using different exchange-correlation functionals. The excellent

agreement with the experimental values clearly supports our structure model.

Table 2. Calculated structure parameters of (TMA)ysFe,Se,

with experimetal values in square brackets.

Crystal system

Space group

Lattice parameters (A)

Tetragonal
I42m (No. 121)
a = 5.454 [5.457]

¢ =20.383 [20.377]

Volume (A% 606.3 [606.7]

Atom positions

Atom Wyckoff x y z

Se 8i 0.7570 [4] «x 0.6797 [0.6840]
Fel 4e 0 0 0.7500 [ % ]
Fe2 4d 0 Y Y [Ya]

N 2a 0 [0] 0 [0] 0 [0]

C 8i 0.1595 X 0.9583

H1 8i 0.2706 x 0.9912

H2 16§ 0.0435 0.7270 0.0729

To get an idea of the thermodynamic stability, we have calculated the phonon dispersions and phonon

density-of-states. A crystal is stable if its potential energy increases against any combinations of atomic

displacements, which means that all phonons have real (positive) frequencies.* Calculations using the
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space group I42m reveal only minor imaginary modes (Figure Sla). This reflects the fact that our
structure model is not perfect and neglects the disorder of the organic cations, which is not treatable by
DFT methods. The TMA" ions are possibly ordered over half the sites in the layers due to space
requirements, but order is lost along the c axis. Interestingly, no imaginary modes occur after structure
optimizations without symmetry constraints (Figure S1b). Even though this triclinic structure is
chemically reasonable, its unit cell is incompatible with the X-ray diffraction pattern.

Chemical C-H-N analysis, EDS, and FT-IR spectroscopy confirm the composition (TMA)ysFe;Se,
within the errors of these methods, respectively. For details, we refer to the supplementary information.
The intercalation is topotactic and reversible. High-temperature powder X-ray diffraction reveals the
complete recovery of tetragonal 3-FeSe after heating to 200 °C, and the transformation to the hexagonal

polymorph at 550 °C (Figure 3).
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Figure 3. Powder X-ray diffraction patterns (Mo-K. radiation) of the host B-FeSe (black),
(TMA)osFesSe; after electrochemical intercalation (red), recovered -FeSe after deintercalation (green)
and after conversion to hexagonal FeSe (orange).

The magnetic susceptibility of (TMA)osFe,Se; shows a bulk superconducting transition at 43 K
(Figure 4). Field-cooled and zero-field cooled curves slightly split above T. due to traces of ferromagnetic

impurities not detectable by X-ray diffraction.
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Figure 4. Susceptibility of (TMA)osFesSe; at 15 Oe. Insert: DC resistivity of a cold pressed pellet.

The large shielding fraction above 100 % at low temperatures comes from the uncorrected
demagnetization of the plate-like crystallites oriented perpendicular to the magnetic field. No further
drop of the susceptibility near 8 K is visible, which confirms that the intercalation is complete and no
residual host 3-FeSe remains. Measuring the electrical resistivity turned out difficult due to degradation
of the sample during pressing, and furthermore the deintercalation temperature around 200 °C allowed
no sintering of the pellet. The result is shown in the insert of Figure 4, where the onset of the
superconductivity is near 45 K followed by a broad transition until an additional drop to zero resistivity
occurs at 6 K. The latter is caused by ~8 wt.-% deintercalated FeSe. Isothermal magnetization
measurements (Figure 5) show the “butterfly” pattern typical for a hard type-II superconductor. The

ripples in the curve only occur at increasing field, which indicates that they are flux jumps.
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Figure 5. Magnetization isotherms of (TMA),sFe,Se; at 2 K and at 300 K.
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In conclusion, we demonstrate that the electrochemical intercalation of tetramethylammonium ions
(TMA") into the van-der-Waals gap of f3-FeSe is feasible with high yields. Powder X-ray diffraction
combined with DFT calculations reveal a reliable ordered model of the crystal structure. (TMA),sFe,Se,
forms a variant of the ThCr,Si,-type structure, also known as the “122-type” in the family of iron arsenide
superconductors. The TMA" ions are closely packed between the FeSe layers but disordered over two
equivalent positions and in different orientations. Magnetization and electrical resistivity measurements
show bulk superconducting transitions at 43 K and identify (TMA)ysFe.Se; as type-II superconductor.
Our results provide the first insights into the crystal structure of a superconducting FeSe-
alkylammonium intercalate and pave the way to further exploit the electrochemical route towards

related compounds with potentially higher critical temperatures.
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Supporting Information

1. Synthesis

(TMA),sFe;Se; (TMA = tetramethylammonium, NC,H;;") was syntheszied by electrochemical
intercalation of tetramethylammonium iodide into iron selenide crystals. The host compound S-FeSe
was synthesized with chemical vapour-transport.' 562.4 mg Se powder (Chempur, 99.9 %) and 437.8 mg
Fe powder (CHEMPUR, 99.9 %) in a molar ratio 1 : 1.1 were ground together with AICl;/KCl (ALFA AESAR,
99.985 % / GRUSSING, 99.5 %, dried) (7.75 g : 2.25 g). The mixture was sealed under vacuum in a glass
ampoule (diameter 5 cm, length 4 cm) and placed in a vertical two-zone furnace and heated to 390 °C at
the bottom and 290 °C at the top. This temperature gradient was held for 5-10 days.* After cooling the

ampoules were opened and the crystals collected from the inner top of the ampoules.

The electrochemical cell consisted of a tungsten anode and an amalgamated copper spoon connected to
a platinum wire as cathode. A drop of mercury was added to the spoon.> On top of this drop the
polycrystalline powder of f-FeSe was distributed. The apparatus was held under inert conditions using
purified argon. The electrolyte consisted of tetramethylammonium iodide (TMAI, SIGMA-ALDRICH,
99 %, 0.1 molar) dissolved in 100 mL dried and destilled DMF. A voltage of 3 V was applied for 3-4 days.

After the reaction the product was washed with dry DMF and dried under vaccuum.
2. Powder X-ray diffraction

Glass capillaries (0.3 mm in diameter, Hilgenberg GmbH) were filled with the samples and sealed. A
Stoe Stadi-P diffracometer (Moxai, Ge(111)-monochromator, Mythen 1k detector) was used to measure
the patterns which were analysed and fitted using the Topas package.”* After indexing the data with the
SVG-algorithm, the space group I4/mmm was chosen.’ Intensities were gathered using the Pawley
method, and the structure was solved by charge-flipping.>®” The trial structures were used in subsequent
Rietveld refinements and visualized by the program Diamond.® Measurements at high temperatures
performed on samples in silicia capillaries (diameter 0.5 mm, Hilgenberg GmbH, sealed with grease) on
a Stoe Stadi-P diffractometer (Mok., Ge(111)-monochromator, IP-PSD detector) equipped with a

graphite furnace. Data were visualized with WinXPOW.’
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3. DFT calculations

First-principles electronic structure calculations were performed using the Vienna ab initio simulation
package (VASP 5.4.4)'>" based on density functional theory (DFT) and plane wave basis sets. Projector-
augmented waves (PAW)"* were used and contributions of correlation and exchange were treated using
the strongly constrained and appropriately normed semi-local density functional (SCAN)." The k-space
was sampled with the Monkhorst-Pack'* scheme using an 11 x 11 x 11 grid based on the primitive unit
cell. The AFLOW™ utilities were used to transform between primitive and conventional unit cells, and
FINDSYM' to determine the space group symmetry. Convergence criteria were 10 eV for the total
energy and 10 eV/A for the structural relaxations regarding ion positions, respectively, using a plane
wave cut-off energy of 600 eV. The parameters of the fully relaxed structure of (TMA),sFe,Se; in the

space group I42m are compiled in Table S1.

Table S1. Structure parameters of (TMA),sFe;Se, (SG I42m) calculated with different functionals

a(d) A% c@A) A% V(@A) A% zz A% FeSe A% Se-Fe-Se A%

Exptl. 5.457 20.377 606.75 0.3160 2.352 110.24

SCAN 5454 -0.05 20.383 0.03 606.32 -0.07 0.3203 1.36 2.403 2.18 110.62 0.35
PBE 5393 -1.16 20.7151 1.66 602.62 -0.67 0.3175 047 2.365 0.55 105.04 -4.71
PBEsol 5260 -3.60 20.0346 -1.68 554.36 -8.63 0.3180 0.62 2306 -1.97 110.55 0.28
LDA 5189 491 193535 -5.02 521.07 -14.12 0.3178 0.58 2.256 -4.06 111.88 1.48

The phonon dispersions and phonon DOS shown in Figure S1 were calculated from forces acting on
displaced atoms in 2x2x2 supercells using PHONOPY" and plotted with the SUMO tools."® The
structural parameters were previously optimized until all forces were smaller than 10° eV/A and energy
changes are below 10® eV. This fully relaxed structure was used to calculate the infrared absorptions

using density functional perturbation theory (DFPT, Figure S3).
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Figure S1. Phonon dispersion and DOS of (TMA),sFe;Se;. (a) Structure in space group 142m (b) Triclinic
structure in P1 after optimization without symmetry constraints.

4. Chemical analysis

CHN elemental analysis and energy-dispersive spectroscopy measurements (EDS) confirm the chemical
composition (TMA),sFe,Se; (see Tables S2 and S3). Figure S2 shows the morphology of a crystallite after
intercalation. EDS measurments were performed on a Carl Zeiss Evo-Mal0 microscope with a Bruker
Nano EDX detector (X-Flash detector 410 M). The controlling software is SmartSem for the detectors
(SE and BSE)" and for the collections and evaluation of the spectra the program QUANTAX 200 was

used.”® Any elements from the sample holder and the adhesive carbon pads were discounted.

WD = 9.5mm 815 pA

Figure S2. SEM image of (TMA)osFe;Se;.
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Table S2. C:N:H ratios from elemental analysis normalized to N = 1.

C H N

(TMA)O,sFezsz 4.1 13.1 1

Table S3. Fe:Se ratio from EDS normalized to Se.

Fe Se

(TMA)o.sFezsez 1.1(1) 1.0(1)

The molar ratio of C:H:N was determined to 4.1:13.1:1 which is consistent with C;H;,N* and confirms
the integrity of the TMA* ion. The CHN elemental analysis was single determined and therfore no
standard deviations are given. The NHC mass fraction with respect to FeSe was 12.02 %. This

corresponds to a value of 0.24 TMA* molecules per FeSe and confirms the composition (TMA),sFe, Se..

5. Magnetic susceptibility and dc resistivity measurements

Magnetic measurements of S-FeSe and (TMA),sFe,Se; were carried out on a Physical Property
Measurement System (PPMS-9, Quantum Design) with a vibrating sample magnetometer (VSM). Zero-
field cooled and field-cooled measurements were conducted between 2 K and 100 K and an applied field
of 15 Oe. The isothermal magnetization was measured at 2 K and 300 K (H = £ 50 kOe). For the
resistivity measurements, the samples were ground and pressed into pellets (diameter 5 mm, thickness
~ 0.8 mm). The pellets were contacted with the Wimbush press contact assembly for van der Pauw

measurements.?® !

6. Infrared spectroscopy

FT-IR spectra were measured on a Bruker Vertex-80V FT-IR spectrometer (V = 350 — 4000 cm™). Figure
S3 shows the spectra of tetramethylammonium iodide (TMAI) and (TMA),sFe,Se; together with the
spectrum calculated by DFPT. FeSe is not infrared active. The TMA" ion has T4 symmetry, and 7 of the
19 fundamental vibrations are infrared active.”” Raman measurements were not possible due to the

strong absorption of the product (black color).
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Figure S3. FT-IR spectra of TMAI and (TMA)osFe,Se; and the spectrum calculated from DFPT

The TMA" ions in (TMA),sFe,Se; are located between FeSe layers. Therefore, in comparison to TMAI,
the infrared active species in our samples are strongly diluted by the strong IR absorber FeSe. This may
be the main factor for the weak intensity of the bands in the spectra. The FT-IR spectra of TMAI and
(TMA)osFesSe; are nevertheless compatible with intercalation of TMA®* into FeSe. This indicates the
asymmetric deformation mode vibrations of the methyl group 8.,,(CH3) at 1481 cm™ and 1501 cm™ in
both spectra (TMAI and (TMA),sFe,Se;), respectively. The bands are in accordance with literature and
only a slight shift to higher wavenumber is apparent (1483 cm™).* Furthermore, around 958 cm™ a band
is visible in both spectra, which could be assigned to the asymmetric stretching mode of the skeletal C4N.
The strong band at ~600 cm™ in the TMAI spectra might be assigned to methyl iodide which could
originate from a side reaction during the measurement process. This band is not visible in the product
spectrum. Note that the DFPT calculated spectrum matches the measured one well except for a slight

zero point shift.
7. Deintercalation of (TMA),sFe,Se;

A (TMA),sFe;Se; sample was heated to 200 °C for 4 h under argon atmosphere. The residual black
powder was analyzed by powder diffraction and magnetic measurements. The powder pattern revealed

single phase B-FeSe (see Figure S4), thus (TMA)sFe,Se; has been quantitatively deintercalated.
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Figure S4. PXRD pattern of the residue after heating at 200 °C with Rietveld fit (red) and difference curve (grey).

The regained f3-FeSe has the same lattice parameters (a = 3.771(3) A, ¢ = 5.524(7) A) as the starting
material. The susceptibilities curves show that the regained -FeSe is superconducting at 8 K, which is

consistent with the original properties of -FeSe (see Figure S5).
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Figure S5. Magnetic susceptibility of the residue after heating. FC is field cooled and ZFC is zero-field cooled.
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