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ABSTRACT: Room-temperature precipitation from aqueous solutions yields the hitherto
unknown metastable stoichiometric iron selenide (ms-FeSe) with tetragonal anti-PbO type
structure. Samples with improved crystallinity are obtained by diffusion-controlled precipitation
or hydrothermal recrystallization. The relations of ms-FeSe to superconducting S-FeSe;_, and
other neighbor phases of the iron—selenium system are established by high-temperature X-ray
diffraction, DSC/TG/MS (differential scanning calorimetry/thermogravimetry/mass spectros-
copy), Y’Fe Mbssbauer spectroscopy, magnetization measurements, and transmission electron
microscopy. Above 300 °C, ms-FeSe decomposes irreversibly to f-FeSe, , and Fe,Ses. The
structural parameters of ms-FeSe (P4/nmm, a = 377.90(1) pm, ¢ = 551.11(3) pm, Z = 2),
obtained by Rietveld refinement, differ significantly from literature data for j-FeSe; .. The
Mossbauer spectrum rules out interstitial iron atoms or additional phases. Magnetization data

Fef, + Seh, — ms-FeSey

suggest canted antiferromagnetism below Ty = 50 K. Stoichiometric non-superconducting ms-FeSe can be regarded as the true

“parent” compound for the “11”
modifications.

Bl INTRODUCTION

Compounds containing square iron nets received new attention
from physicists and chemists alike after the discovery of
superconductivity up to 55 K in doped rare-earth iron
pnictides."* Besides the search for new structures with potential
for high-temperature superconductivity, a closer inspection of
known compounds revealed superconducting properties. f-
FeSe,_, with anti-PbO type structure® is one example.
Considerable research on the iron—selenide system has been
performed, and the complex phase diagram is well established.*
Tetragonal p-FeSe,_, was first reported by Higg and
Kindstrém® in 1933. It is found to undergo a peritectoid
decomposition at 457 °C into a-Fe and §-FeSe (NiAs type)
and exhibits a narrow homogeneity range around 49 at. % Se
(see Figure 4).%° Hexagonal §-FeSe is formed in an eutectoid
reaction of 5-FeSe,_, and Fe,Se, (defect NiAs type, see Table
1) at 350 °C. Although Fe;Se,- and Fe,Seg-type phases are
nonstoichiometric compounds with vacancy-ordered structures

Table 1. Overview of the Phases Discussed in the Text

designation structure type crystal system
P-FeSe,_, anti-PbO tetragonal
ms-FeSe anti-PbO tetragonal
6-FeSe NiAs hexagonal
Fe;Se, defect-NiAs orthorhombic
Fe,Ses (a, ) defect-NiAs monoclinic
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iron-chalcogenide superconductors and may serve as starting point for new chemical

and a considerable homogeneity range, we refer to them only as
Fe,Se, and Fe,Seg for shortness and clarity.

The structural background of the nonstoichiometry of f-
FeSe,_, is still under debate: Either excess iron atoms occupy
interstitial positions between the layers in analogy to Fe,As,” or
some of the selenium positions are void.>” Whereas doping is
needed for the iron pnictide phases (e.g, BaFe,As, so-called
“Ba-122” and LaFeAsO “La-1111")"® to become superconduct-
ing, the intrinsic doping of -FeSe,_, (“11”) by deviation from
the precise 1:1 composition induces superconductivity.*”"" In
contrast to the “122” and “1111” phases, substitution of iron by
other transition metals leads to suppression or only small
enhancement of superconductivity in iron selenide.'*™"*

Crystals of tetragonal -FeSe,_, grown at temperatures above
the peritectoid point are often pseudomorphic showing the
hexagonal habitus of §-FeSe.">™"” Consequently, growth of
single crystals has to be performed within the stability range of
p-FeSe,_,, as shown by Oyler et al,”® by the reaction of
elemental precursors in high-boiling organic solvents.

For the sulfide FeS, a synthesis in aqueous media at room
temperature has been reported.*"** Furthermore, theoretical
studies of the solubility of iron chalcogenides in water have
been performed.*® The synthesis of FeSe in water is feasible
only in the absence of oxygen, since the product'' and the
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reactants are easily oxidized. Following these ideas, we
conducted a diffusion-controlled precipitation from aqueous
solutions and obtained metastable FeSe (ms-FeSe) with anti-
PbO type structure and stoichiometric 1:1 composition. It
represents the undoped non-superconducting “parent” com-
pound for the “11” system and provides a starting point for
future chemical modifications, to induce superconductivity in
analogy to the “122” and “1111” systems.

We report on the synthesis and hydrothermal recrystalliza-
tion of ms-FeSe. The relation of ms-FeSe to the neighbor
phases of the Fe—Se system is investigated and discussed.
Finally, the crystal structure data, the Mossbauer spectrum, and
the magnetic and thermal properties are given.

B EXPERIMENTAL SECTION

All starting materials and products are oxygen-sensitive and were
handled and stored in an argon-filled glovebox (M. Braun; p(O,)/p, <
1 ppm, p(H,0)/p, < 1 ppm, argon purified with molecular sieve and
copper catalyst).

Starting Materials. Li,Se was prepared by reacting lithium (>99%,
Acros Organics) and selenium (99.999%, Chempur, treated with H, at
150 °C) under Schlenk conditions in freshly dried tetrahydrofuran
(THF, 99.7%, VWR) using naphthalene (99%, Acros Organics) as
catalyst.>* The obtained creme-colored solid was washed three times
with THF and dried under vacuum.

Fel, was prepared by the reaction of the elements (Fe: 99.5%, Alfa
Aeser; 1I,: >99.8%, Merck, sublimated twice over BaO) in a silica
ampule (15 cm length, 14 mm diameter) using 10 at. % excess of iron.
The iron-containing side of the ampule was placed in a horizontal tube
furnace at 550 °C, while the other side of the ampule resided outside
the furnace to limit the pressure of gaseous iodine. Fel, exhibits a
noticeable vapor pressure at 550 °C*> and was separated from the
excess iron by sublimation.

Both starting materials are easily oxidized by molecular oxygen, yet
they are stable and soluble in oxygen-free water. Thus, the water used
for reactions was distilled under streaming argon to remove molecular
oxygen (denoted as distilled water in the following text). Aqueous
solutions of Li,Se and Fel, are deep red and light green, respectively.
Combining both liquids immediately yields a black precipitate which is
amorphous according to X-ray diffraction.

Diffusion-Controlled Precipitation. An H-shaped tube was used
for the controlled precipitation of ms-FeSe (Figure 1). Under argon,
Li,Se and Fel, powders were filled separately in the legs of the tube.
To hinder uncontrolled dissolution and mixing of the reactants, silica
wool was placed on top of the powders. Distilled water was added as
diffusion medium and the tube was plugged. After 40 days at room
temperature, a black precipitate had formed, which was then removed
from the tube and washed three times with distilled water and dried
subsequently under vacuum.

Hydrothermal Recrystallization. Fel, and Li,Se were dissolved
separately in distilled water in Schlenk tubes, and the solutions were
combined in a silica tube. The resulting aqueous solution with the
immediately formed black precipitate was frozen by immersing the
container in liquid nitrogen before the open end was fused. The
approximately half-filled ampule was inserted into a Teflon-lined steel
autoclave (DAB-2, BERGHOF), which was then also half filled with
water to generate the necessary counter-pressure for the ampule. The
steel autoclave was stored in a heat-cabinet at 200 °C. After three days,
the ampule was opened under argon in a glovebag (ABCR). The
colorless solution was decanted, and the black polycrystalline material
was washed three times with distilled water and dried subsequently
under vacuum.

Characterization. Powder X-ray diffraction (PXRD) patterns at
room temperature were measured with an X’Pert PRO diffractometer
(PANalytical, Cu Ka;, Ge monochromator, PIXcel detector), while
high-temperature measurements (HT-PXRD) were performed on a
Stadi P diffractometer (STOE, Cu Ka;, Ge monochromator, linear
position sensitive detector). The samples were enclosed in borosilicate
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Figure 1. H-tube for diffusion-controlled reaction of Li,Se (a) with
Fel, (b) to ms-FeSe (d) with silica wool (c) inserted to prevent
reactants from uncontrolled mixing during filling with distilled water.
Photograph taken after 10 days of reaction.

or silica capillaries (Hilgenberg) for room- and high-temperature
measurements, respectively. The temperature in the heating chamber
for PXRD was calibrated by the melting points of Sn (232 °C, 99.99%,
Fluka) and Zn (420 °C, 99.999%, Strem Chemicals). In the high-
temperature experiment the temperature of measurement was accessed
with a rate of 10 K min™" and then kept constant while two powder
diffraction patterns were taken subsequently with a measurement time
of three hours each.

Lattice parameters and ghase fractions were obtained by Rietveld
refinement using GSAS,*® EXPGUI”, and Jana2006,*® applying
models for axial divergence and anisotropic line broadening.
Background contributions were fitted by Legendre polynomials.
Absorption corrections for cylindrical samples corresponding to a
packing of 60 vol. % in the 0.2 mm capillaries were applied. J-FeSe,
Fe;Se,, a-Fe,;Seg, and f-Fe,Seg were treated within NiAs-type models,
since reflection splitting of the defect-NiAs type structures could not
be observed due to the broad reflections. Nevertheless, differences in
lattice parameters allow to distinguish the monoclinic phases (Fe,Seg)
from 6-FeSe during cooling from high temperature.

The Fe/Se ratio of the sample was determined with an ICP-OES
Vista RL (Varian) by previously dissolving the samples in a mixture of
hydrochloric and nitric acid. The reported ratio is the average of three
measurements from one sample.

Transmission electron microscopy (TEM) images at the middle
resolution regime, as well as electron diffraction patterns, were
recorded using a FEI Tecnai 10 microscope (LaBg-source, 100 kV,
TEM camera TVIPS F224HD 2k X 2k) The images were analyzed
using Digital Micrograph®® and Image].*°

Differential scanning calorimetry measurements (DSC) combined
with thermogravimetry (TG) and mass spectroscopy (MS) were
performed with a STA 409 CD Skimmer (NETZSCH) operated
inside a glovebox with high-purity argon.*" Alumina-lined Pt-crucibles
with lid were used and double runs with heating rates of 5 and 10 K
min~' were conducted. Baseline contributions were fitted with
quadratic interpolation and subtracted.

5’Fe Mossbauer spectra were measured in transmission geometry at
room temperature using a *’Co/Rh y-radiation source (emission line
half width at half-maximum I'" = 0.135(2) mm s™') and a Kr/CO,
proportional counter as detector. The spectrometer was calibrated to
a-Fe at room temperature.

Full-potential linearized augmented plane-wave method (FP-
LAPW) and basis sets implemented within the Elk code® were
utilized for quantum chemical calculations. The generalized gradient
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approximation (GGA) was employed for the exchange-correlation
functional as proposed by Perdew and Wang.>* A number of 90
irreducible k-points was considered. The electric field gradient (EFG)
was computed from the converged self-consistent field (SCF) energy
taking spin—orbit coupling into account. The constant magnetic field
of 1.7 T was applied in the z-direction in order to break spin
symmetry. The basis set was expanded with a number of FP-LAPW
basis functions up to Ry K, = 12 (where Ry is the average radius
of the muffin-tin spheres and K, is the maximum value of the wave
vector K = k + G) and the maximum length of G for expanding the
interstitial density and potential is equal to 22. The atomic orbitals up
to an angular momentum ! = 12 were used to expand the wave
functions inside the muffin-tin spheres.

Magnetic measurement were performed with a SQUID-magneto-
meter (Quantum Design MPMS-XL7) in the temperature range
between 1.8 and 400 K and external fields of 2 mT to 7 T. Samples
were prepared in an argon-filled glovebox, transferred under argon,
and measured in helium atmosphere. The susceptibility of the silica
sample holder was determined prior to the measurement and
subtracted.

B RESULTS AND DISCUSSION

Diftusion-controlled room-temperature precipitation from
aqueous solutions yielded tetragonal ms-FeSe according to
the following equation:

FeIZ(S) + LiZSE(S) E‘Zg ms-FeSe(S) + 2L12;q) + 21(_aq) (1)
No additional phases were detected by powder X-ray
diffraction. Preliminary HT-XRD and TG/MS investigations
showed decomposition of the phase above 303(S) °C to Fe;Se,
and fB-FeSe,_,. MS showed only loss of residual solvent water
but no selenium containing species.

Based on these results, a faster synthesis route was
developed. The black precipitate obtained by fast mixing of
solutions of Li,Se and Fel, appears to be amorphous in PXRD.
Hydrothermal treatment at 200 °C increases the crystallinity
and yields ms-FeSe within three days instead of 40 days of the
diffusion-controlled reaction. All further characterization was
done with this sample.

Rietveld refinement of PXRD data of ms-FeSe (Figure 2)
succeeded with a model for anisotropic particle size. Applying
the Scherrer equation to the profile parameters leads to a
particle size of 16 nm in ¢ direction and 27 nm in the directions
of the basal plane (further data in the Supporting Information).
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Figure 2. Rietveld refinement of ms-FeSe with 0.4(1) wt % magnetite
impurity. Experimental data plotted as dots, fitted pattern as solid line.
Lower panel: difference plot.
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Magnetite, identified as an impurity phase with 0.4(1) wt %
during Rietveld refinement, is believed to bias only the
magnetic characterization.

ms-FeSe, as well as f-FeSe,_,, crystallizes in the anti-PbO
type structure. However, there are subtle yet significant
differences (see Table 2): The c-axis of ms-FeSe is shorter

Table 2. Structure Data of ms-FeSe and ﬁ-FeSel_x36'“

param. ms-FeSe P-FeSe,_,
a (pm) 377.90(1) 377.376(2)
¢ (pm) 551.11(3) 552.482(5)
c/a 1.45835(9) 1.46401(2)
Zge 0.2655(3) 0.2652(1)
Fe—Se (pm) 239.0(1) 238.89(3)
Fe—Se—Fe (deg) 104.48(5) 104.34(1)
Se-Se,qw (pm) 371.7(2) 372.18(5)

“both: space group P4/nmm, no. 129, 1st setting.

and the a-axis is longer than for p-FeSe,_,,>%! 11734738
resulting in a significantly smaller ¢/a ratio. In contrast, the
distance of iron and selenium is equal. Consequently, the
structural difference of ms-FeSe relative to f-FeSe,_, can be
interpreted as an in-plane expansion of the iron—selenium slab
accompanied by a contraction in stacking direction. The
“tetrahedral” angle (Fe—Se—Fe in Table 2) increases
correspondingly.

Plate-shaped crystals of ms-FeSe with broad particle-size
distribution around 100 nm are identified by TEM (Figure 3).
Electron diffraction patterns of isolated particles could be
indexed with the tetragonal structure model of FeSe (Table 2).
The major faces are {0 0 1} and the side faces belong to the
form {1 1 0}. The preferred growth directions of ms-FeSe, thus,
are (1 0 0). The observed anisotropy of the crystals supports
the model used for Rietveld refinement.

While dissolving the samples for elemental analysis, some
residual material remained. However, the determined ratio of
iron and selenium gave 49.8(2) at. % Se, which is in excellent
agreement with the 1:1 composition expected for a
precipitation following eq 1. To further probe the composition
of ms-FeSe, the relation to the phases in the literature-known
phase diagram (Figure 4) was assessed by HT-PXRD and
thermal analysis.

DSC experiments with ms-FeSe gave very similar results for
different heating rates (S and 10 K min™'). However, the
second heating of the sample differs markedly from the first
(Figure S), indicating that the sample is out of thermodynamic
equilibrium before the first run. The second heating run can be
interpreted based on the phase diagram given in Figure 4. The
first endothermic signal corresponds to the eutectoid reaction
of f-FeSe,_,, Fe;Se, and &-FeSe at 332(2) °C. The
symmetrical signal of the eutectoid reaction is invariant to
the heating rate and superimposed with an asymmetrical signal,
which corresponds to the solvus line of 6-FeSe ending at
441(1)°C and SO at. % Se (extrapolation to zero heating rate)
in agreement with the data reported by Katsuyama et al®
Consequently, the first heating run can be interpreted as an
exothermal decomposition of ms-FeSe with 1:1 composition
starting above 300 °C with the superimposed eutectoid reaction
approaching the equilibrium evolution above 430 °C.

The HT-PXRD shows that the decomposition of ms-FeSe is
starting at a kinetical temperature of 303(S) °C. Whereas the
first HT-PXRD pattern at this temperature indicates only ms-
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Figure 3. TEM images of ms-FeSe. Upper panel: overview, showing
the particle-size distribution. (a) Plate-shaped crystallites oriented
along the basal plane. (b) Crystallites with basal plane perpendicular to
viewing direction. Middle panel: view along [0 0 1]. Lower panel: view

along [1 1 0].

FeSe (point 1 in Figure 6), the second pattern, taken at the
same temperature three hours later, shows a mixture of f-
FeSe,_, and a NiAs type phase (point 2). Upon further heating,
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Figure 4. Phase diagram of iron and selenium in analogy to refs 4 and
6. Red points correspond to the results of Rietveld refinements of HT-
PXRD data with the resulting solvus and eutectoid lines in green.
Though ms-FeSe is not a thermodynamically stable phase, it is
included in the phase diagram in order to visualize the relation of the
compound to the neighbor phases.
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Figure 5. DSC measurement of ms-FeSe with a heating rate of 5 K
min~". The black curve indicates the first heating run and the gray one
the second. Dotted line marks zero.

1000_. ] 100 200 300 400 ; 500
L ms-Feée el 3 i 4
$ 5-FeSe, |
s 80
E L
‘“c“* &0 | Fe;Seg
2
‘g 40‘
“a-, I B-FESEI x
w
£ 20
o -
— 1 1
T
T E p-FeSe; |
E o P
TE 80 ms-FeSe ting a
:E_, e
= 78 - B-FeSeq_y B
m ?2_ =1
E
[ =
S 70
= :
£ 681 '——’/‘F"A ‘/\JiAs type n
= e7Seg
L 1 3 1 1 | i il n
T i T [ T | T | T
1.48 - -
= B-FeSe x reheating
@ # ns i
< 1.46 _ #_""“f_ -
G ms-FeSe p-FeSe,_,
1.44 - |
1.62 =1
%
£ 1.60 I~ =
“(—u" B
G
1.58 - -
M S S S B
0 100 200 300 400 500
#/°C

Figure 6. Evolution of phases and their lattice parameters as derived
from Rietveld refinements. Red markers indicate the first heating run,
blue markers the subsequent cooling, and orange markers the second
heating run. Hexagons and circles indicate NiAs structure related
phases. Diamonds indicate -FeSe,_,, and squares ms-FeSe. Points 1
and 2 are subsequent observations in the course of heating; points 3
and 4 are during cooling. Error bars represent the confidence interval
of +20 and are within markers in case of phase fractions. Lines are
guides for the eye.
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the content of the NiAs type phase increases following the
solvus line in the phase diagram (Figure 4). HT-PXRD at
432(5) °C reveals that the sample has transformed completely
into 6-FeSe, which corresponds well to the temperature of the
solvus line of &-FeSe at 50 at. % Se.

For temperatures above the decomposition of metastable ms-
FeSe, the system is in equilibrium. The phase fractions
determined by HT-PXRD can thus be transferred into the
phase diagram (red markers in Figure 4) by applying the lever
rule with the prerequisite of 49.2 at. % Se as the solvus line for
p-FeSe,_,. The so-obtained phase relations (green lines in
Figure 4) follow tentatively the literature-known phase diagram
with a slightly lower temperature for the eutectoid reaction and
a different progression of the solvus line.

In summary, HT-PXRD and DSC measurements support the
1:1 composition obtained for ms-FeSe from elemental analysis.
Furthermore, ms-FeSe and f-FeSe,_, can be distinguished by
their unit cell volumes and ¢/a ratios (Table 2).

Upon cooling from 460 °C, §-FeSe was supercooled down to
240(5) °C. The almost linear decrease of volume indicates
constant composition (Figure 6). At 240 °C, the first HT-
PXRD pattern shows -FeSe only (point 3 in Figure 6), while
the subsequent HT-PXRD pattern indicates the beginning
decomposition into f-FeSe,_, and Fe,Se; (points 4). The
formation of tetragonal J-FeSe, , below 300 °C and its
increasing phase fraction is in agreement with previous studies,*
and suggests that the nonstoichiometric J-FeSe,_, is a
thermodynamically stable phase at room temperature. These
results refute the phase diagramm given by McQueen et al.®
with tetragonal S-FeSe,_, as a high-temperature modification of
hexagonal 6-FeSe above 300 °C.

While reheating the obtained phase mixture of -FeSe,_,, o-
FeSe, and Fe,Se; (orange markers in Figure 6) the volume and
¢/a ratio of f-FeSe,_, coincide with the data of the first heating,
indicating that the high-temperature behavior is reproducible.
The pronounced decrease of the c/a ratio above 300 °C
indicates a structural change of f-FeSe, , beyond thermal
expansion. To emphasize the effect, the linear thermal
expansion coefficients @, & a, ~ 3 X 107> K were determined
by linear regression based on the lattice parameters obtained for
cooling and second heating in the range from room
temperature to 250 °C. These coeflicients are in good
agreement with literature data for Fe;osTe and FeTe,Seys.
After subtraction of the linear thermal expansion according to

a'(8) = a(9) — a (9 — 20°C)

(and correspondingly for c), the divergence of the a- and c-axes
above 300 °C is discernible (Figure 7), emphasizing a structural
change of $-FeSe,_, beyond thermal expansion. This effect can
either be attributed to a structural reorganization (e.g, from
selenium vacancies to iron interstitials) or a change of
composition. It could, in any case, explain the influence of
thermal treatment on the superconducting phase transition for
various samples.”' *°

Since the crystal structures of ms-FeSe and f-FeSe,_, differ
in detail, small differences of the physical properties can be
expected. The room-temperature Mdssbauer spectrum (Figure
8) consists of an asymmetric doublet related to ms-FeSe. No
sign of the Fe;O, impurity was detected. From the spectrum, an
isomer shift of § = 0.43(1) mm s™' and a quadrupole splitting
of AEq = 0.28(1) mm s! is obtained for ms-FeSe (f-FeSe,_,:
§ = 045-047 mm s™', AEq = 0.26—029 mm s).”%*%*
While the quadrupole splitting is comparable for both phases,
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Figure 7. Temperature dependence of the lattice parameters of ms-
FeSe and f-FeSe,_,. The data in the two lower panels are corrected for
thermal expansion. Red symbols indicate the first heating, blue
symbols the cooling, and orange symbols the second heating run.
Diamonds indicate f-FeSe,_,, squares ms-FeSe. Error bars represent
+20. Lines are guides for the eye.
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Figure 8. Mossbauer spectrum of ms-FeSe at room temperature.
Experimental data plotted as dots, fitted doublet as solid line. Lower
panel: difference plot.

the isomer shift in ms-FeSe is slightly smaller. This reflects an
increase of the local electron density at the iron atoms as it
would be expected for an itinerant system with a smaller c-axis
(Table 2).

The asymmetry of the doublet pattern for ms-FeSe shows
increased absorption at higher velocities. In contrast,
Mossbauer spectra of f-FeSe,_, and Fe,,Te show increased
absorption at lower velocities, which has been attributed to
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either occupation of interstitial sites by iron atoms or preferred
orientation of the polycrystalline material (texture effect).*~**
Following this argumentation, we can rule out interstitial iron
atoms for ms-FeSe for two reasons: First, the asymmetry is
opposite to experimental findings in all nonstochiometric
samples. Second, assuming interstitial sites would lead to more
than 2% off-stochiometry which is not consistent with the
results from HT-PXRD, DSC, and elemental analysis.

The asymmetry can, however, be explained by preferred
orientation. The plate-shaped particles (Figure 3) tend to
orientate preferably with their basal plane parallel to the flatbed
sample holder. In an ideal powder without preferred
orientation, the vector of the principal axis v,, of the electrical
field gradient of the individual particle and the wavevector of
the incident y-radiation enclose in average the “magic angle” of
54.7° resulting in two symmetric absorption lines with equal
intensity. A preferred orientation of the particles will lead to a
deviation of this average angle (6, o) from the “magic angle”,
and thus to a change in the relative line intensities. With v_, > 0,
obtained from quantum chemical calculations, one finds 6, =
50(2)° showing the presence of a preferred orientation
consistent with plate-shaped particles.

Preliminary magnetic measurements of ms-FeSe in various
external fields (Figure 9) indicate a ferro-like signal around 50
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Figure 9. Temperature dependence of the magnetization of ms-FeSe
in various external fields. Inset: Zero-field cooled (zfc) and field cooled
(fc) magnetization measurement after thermal treatment of ms-FeSe
up to 500 °C.

K, which saturates above 3.5 T. The very low moment of 0.03
U per formula unit indicates a weak ordering which could be
due to a canted antiferromagnetic state. It has to be noted that
this may not necessarily reflect the bulk properties of ms-FeSe
due to the small particle size. The ferrimagnetic magnetite
impurity leads to a field dependency of the signal in the whole
temperature range up to 400 K, hampering the interpretation of
the measurement.

It is, however, evident that ms-FeSe is not superconducting
down to 1.8 K in an external field of 2 mT. After thermal
treatment up to 500 °C ms-FeSe has decomposed into the
thermodynamically stable phases and magnetization indicates
superconductivity below 10 K originating from J-FeSe,_,
(Figure 9, inset). The increase of y (with increasing
temperature) from large positive values at 1.8 K after zero-
field cooling (zfc) is due to spin freezing. It might also be
explained by the additional phases §-FeSe and Fe,Seg (see
phase fractions in Figure 6), which contribute to the overall
susceptibility. Similar observations have also been made for
other superconducting f-FeSe,_, samples.9'15’37’45’46
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B CONCLUSION

Precipitation from aqueous solutions of Fel, and Li,Se yielded
the yet unknown metastable phase ms-FeSe which has
stoichiometric composition and anti-PbO type structure. It
possibly exhibits magnetic ordering below 50 K and is
nonsuperconducting down to 1.8 K in an external field of 2
mT. Above 300 °C, ms-FeSe decomposes irreversibly into the
thermodynamically stable phases Fe,Seg and f-FeSe,_,.

ms-FeSe reveals a significantly shorter ¢ and longer a-axis
compared to f}-FeSe,_,, while the site parameter z for selenium
is unchanged. As a consequence of the different local
environment of iron relative to f-FeSe,_,, the isomer shift in
the Mossbauer spectrum is smaller. The difference of the line
intensities of the doublet is attributed to texture effects due to
preferred orientation of the crystallites.

There is evidence that J-FeSe; . undergoes a structural
change above 300 °C, which may be due to a change of
composition or to a reorganization form interstitial iron atoms
to selenium defects. This may explain the dependence of
superconductivity on thermal treatment as pointed out by
McQueen et al® In contrast to recent reports,8 P-FeSe,_,
proves to be a thermodynamically stable phase at room-
temperature.

Metastable stoichiometric ms-FeSe is the undoped “parent”
compound for the tetragonal iron—selenium (“11”) phases and
thus opens up new ways for future chemical modifications in
analogy to the “122” and “1111” systems. Substitution of iron
with cobalt in the structure may lead to enhanced super-
conductivity and new properties, providing additional means to
study the “simplest” system of iron-based superconductors.
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