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Transition metal chalcogenides are important materials because of their range of useful properties
and applications, including as thermoelectrics, magnetic semiconductors, superconductors, quantum
dots, sensors, and photovoltaics. In particular, iron chalcogenides have received renewed attention
following the discovery of superconductivity in PbO-type S-FeSe and related solid solutions. This
paper reports a low-temperature solution chemistry route to the synthesis of 5-FeSe, f-FeTe, FeTe,,
and several members of the 3-Fe(Se, Te) solid solution. The samples were analyzed by powder XRD,
TEM, EDS, SAED, SEM with elemental mapping, AFM, and SQUID magnetometry. Consistent
with the layered crystal structures, the FeSe, FeTe, and Fe(Se, Te) products are predominantly two-
dimensional single-crystal nanosheets with thicknesses of approximately 2—3 nm and edge lengths
ranging from 200 nm to several micrometers. FeTe, forms a mixture of nanosheets and one-
dimensional sheet-derived nanostructures. None of the samples are superconducting, which could

be due to size effects, nonstoichiometry, or low-level impurities.

Introduction

Transition metal chalcogenides represent an important
family of materials that have proven useful as thermo-
electrics,' magnetic semiconductors,® superconductors,*
quantum dots,*’ sensors,® and photovoltaics.””!' Iron
chalcogenides in particular have been targeted for their
interesting magnetic properties, including for their poten-
tial use in magnetic semiconducting and spintronic appli-
cations.'>” ' Iron selenides, tellurides, and their solid solu-
tions have recently received renewed attention following
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the unexpected discovery of superconductivity in -FeSe, '’
where 5-FeSe refers to the tetragonal PbO-type phase (P4/
nmm) and o-FeSe corresponds to the hexagonal NiAs-type
phase (P65/mmc) based on the conventional assignment.'®
Superconductivity has also been observed in related sys-
tems such as solid solutions of Fe(Se,Te)'” and Fe(S,Te).'®
For example, PbO-type f3-FeSe is superconducting with a
critical temperature (7;) of 8 K, which can be increased up
to 27 K under high pressure.'® Atomic substitution was also
found to increase the 7. to 15 and 10 K in similarly
structured FeSey sTeq 5!’ and FeTey So,'* solid solutions,
respectively.

B-FeSe and related iron chalcogenides are typically
synthesized at temperatures in excess of 700 °C, often
involving heating times of several days, using traditional
powder metallurgical methods,'>'®'? flux growth,*® or
vapor self-transport.?! Other methods such as chemical
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vapor deposition (CVD)'*?? and molecular beam epitaxy

(MBE)'? have been used to fabricate thin films. As
nanoscale materials, core—shell nanofibers of carbon-
coated S-FeSe have been reported,”® and FeSe,”* 2’
and FeTe,”° % nanoparticles have been obtained using
solution-based solvothermal reduction. Other nanocrys-
talline iron sulfide and selenide phases have also been
made, including FeS,.*° Fe,Sg,>”*! and impure samples of
NiAs-type a-FeSe.’? However, there have been no re-
ports of a low-temperature solution-based chemical route
to PbO-type -FeSe, as well as some of the related iron
chalcogenides. Such a synthetic capability for these ma-
terials is important for several reasons. For example,
interesting size-dependent phenomena have been discov-
ered for other superconductors when synthetic routes
produced size and dimensionality control.>*73¢ Also,
low-temperature chemical routes can allow for the stabi-
lization of nonequilibrium polymorphs,*”*® possibly
leading to the discovery of new superconductors or
magnetic materials in these and related systems.

Here we report a low-temperature solution chemistry
method for the synthesis of PbO-type 3-FeSe, as well as
the tellurides 3-FeTe and FeTe,. A Fe(Se,Te) solid solu-
tion with tunable composition could also be prepared.
Importantly, this synthetic method yields predominantly
two-dimensional single-crystal nanosheets. Morpho-
logically similar lamellar nanostructures have proven
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pivotal for solution-based processing,!’*° thin film

formation,**~** enhancing physical properties,**** and
discovering new physical phenomena for diverse classes
of materials that include graphene,*® layered metal
oxides***” and sulfides,**** 7 silicate clays,**'** and
layered double hydroxides.’*>* Although the chemically
synthesized iron chalcogenide nanosheets do not show
evidence of superconductivity, they represent a timely addi-
tion to the extensive library of two-dimensional nanocrystal
systems* >*and could serve as a starting point for exploring
interesting dimension-dependent properties because of their
size, crystallinity, and anisotropic morphology.

Experimental Section

Materials. All chemicals were used as received and stored in
an Ar-atmosphere glovebox. Iron pentacarbonyl (99.5%), hex-
adecylamine (HDA), tellurium powder (99.99%, —325 mesh)
and selenium powder (994 %) were purchased from Alfa-Aesar.
Trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO)
were obtained from Aldrich and were of technical-grade purity.
All syntheses were set up in an Ar-atmosphere glovebox and
carried out under Ar using standard Schlenk techniques; work-
ups were performed in air.

Synthesis. [3-FeSe. HDA (3.38 g) and TOPO (6.19 g) were
added to a three-neck round-bottom flask equipped with a
reflux condenser, thermometer adapter, rubber septum, and
vacuum adapter. The mixture was heated to 160 °C at which
point a solution of Fe(CO)s (0.27 mL, d = 1.49 g/mL) and Se
powder (0.316 g) dissolved in 3 mL of TOP was injected. The
solution was heated to 250 °C for 1 h and observed to darken to
black indicating the formation of nanoparticles. The reaction
mixture was allowed to cool to 80 °C, at which point it was
poured into an equal volume of 3:1 hexane/ethanol. The mixture
was centrifuged to isolate a dark precipitate from an transparent
brown-colored supernatant which was washed with additional
fractions of 3:1 hexane/ethanol until the supernatant became
clear. The product was additionally washed with ~20 mL of
dichloromethane to remove residual TOP and then dried under
vacuum.

p-FeTeand FeTe, ( Frohbergite). The reaction conditions and
workup were identical to the FeSe case. To synthesize FeTe,
0.013 g of Te powder was substituted for Se along with 0.27 mL
of Fe(CO)s (it was found that a 20:1 excess of Fe to Te was
required for the FeTe to form without FeTe, impurities). Pure
FeTe, could be obtained from a larger amount of Te (0.256 g),
also with 0.27 mL of Fe(CO)s.
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p-Fe(Se,Te) Solid Solutions. The reaction conditions and
workup were also identical to the FeSe case, the only difference
being the additional presence of Te powder along with Se.
FeSey.¢7Teg 33 was formed from a 10:1 Se/Te precursor ratio
using 0.158 g of Se and 0.026 g of Te. FeSe ¢, Teg 35 was formed
froma 7.5:1 precursor ratio using 0.118 g of Se and 0.026 g of Te.
FeSey.s7Teg 43 was formed from a 5:1 precursor ratio using
0.079 g of Se and 0.026 g of Te.

Characterization. Powder X-ray diffraction (XRD) data were
collected by a Bruker Advance D8 X-ray diffractometer using
Cu Ko radiation. Rietveld refinement of the XRD data was
carried out using TOPAS, and lattice parameters were deter-
mined using Chekcell. Transmission electron microscopy
(TEM) images and selected area electron diffraction (SAED)
patterns were obtained from a JEOL 1200 EX II operating at
80kV or froma JEOL JEM-2010 LaBg microscope operating at
200 kV. FeTe, samples for microtoming were prepared using
Spurt’s Kit from Electron Microscopy Sciences. The sample was
embedded by suspension in a 1:1 resin/acetone mixture and left
to stand for 90 min before decanting the supernatant. A 1:3
resin/acetone mixture was then added, mixed, allowed to stand
for 120 min, and then decanted. Finally, pure resin was added,
mixed, and allowed to harden overnight in a 60 °C oven. The
solid resin was microtomed into thin sheets and pressed onto
Formvar-coated copper TEM grids for imaging. Scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) data were acquired from a FEI Quanta 200
Environmental SEM. Magnetization measurements were taken
by a Quantum Design Superconducting Quantum Interference
Device (SQUID) magnetometer with an applied field of 50 Oe.

Atomic force microscopy (AFM) data were collected by a
Dimension Instruments 3100 atomic force microscope equipped
with PPP-NCHR tapping mode AFM tips from Nanosensors.
To prepare samples, a ~1 cm? fragment of single-crystal Si wafer
was cleaned by submersion in a beaker of RCA-1 solution for
20 min. The silicon fragment was rinsed with nanopure water
and then immersed face down at a ~45° angle in a ~0.1 M solu-
tion of analyte in toluene for 45 min. The wafer was removed
from the solution, rinsed with nanopure water, and then dried
under a stream of argon.

Results and Discussion

The chosen synthetic method is very closely related to
the techniques often used to synthesize II—VI semicon-
ductor nanocrystals such as CdSe and CdTe,%>>° for
example, the reaction of zerovalent precursors which
decompose in a high-boiling solvent. For the iron chal-
cogenides, Fe(CO)sand Se/Te-TOP (TOP = trioctylpho-
sphine) were used as elemental precursors, and hexa-
decylamine (HDA) and trioctylphosphine oxide (TOPO)
were used as the solvent system. As a representative
example, the reaction of Fe(CO)s with Se-TOP in HDA
and TOPO at 250 °C (see Experimental Section for
details) yielded p-FeSe. Powder XRD data (Figure 1)
verify the phase formation and purity of -FeSe: the
experimental pattern matches well with the simulated
data, and no other crystalline impurity peaks are ob-
served. The lattice parameters, a and ¢, were determined
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Figure 1. Experimental and simulated powder XRD patterns for 3-FeSe.
The tetragonal PbO-type crystal structure is shown as the inset, where the
blue and red spheres represent Fe and Se, respectively.
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Figure 2. (a—c) TEM images of -FeSe nanosheets. Dropcasting the
nanosheets produces significant preferred orientation along [001], as
shown in the XRD pattern in (d), and confirms the two-dimensional
morphology. SAED patterns confirm the tetragonal PbO-type crystal
structure (), as well as the single-crystalline nature of isolated nanosheets
(e, inset).

to be 3.7689(37) and 5.5067(4) A, respectively, and are
very close to reported literature values for bulk 5-FeSe
(a = 3.765 and ¢ = 5.518 A).°7 Additionally, Rietveld
structure refinement of the powder XRD pattern deter-
mined the composition of the material to be Feggoa)-
Sey o141y, indicating a slight excess of selenium.
Representative TEM images (Figure 2) show that the
p-FeSe products typically form thin nanosheets with edge
lengths ranging from 200 nm to several micrometers,

(57) Higg, G.; Kindstrém, A. L. Z. Phys. Chem. B 1933, 22, 453.
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either as large irregular sheets (Figure 2a) or smaller
rectangular plates (Figure 2b,c). The samples, in dry
powder form, yield powder XRD patterns as shown in
Figure 1. The XRD patterns match bulk 5-FeSe because
of significant aggregation of the sheets in powder form.
However, the isolated nanosheets (prepared by sonica-
tion and drop-casting from toluene) produce powder
XRD patterns with significant preferred orientation
(Figure 2d). The 001 peak predominates, while the in-
tensities of the 002, 003, and 004 reflections are also
enhanced compared to the aggregated sample, indicating
that the sheets are truncated along [001] and are essen-
tially two-dimensional crystals that correspond to the
a—b plane. Selected area electron diffraction (SAED)
patterns for both the large irregular sheets (Figure 2a)
and the isolated nanosheets (Figure 2b,c) are consistent
with the PbO-type structure of S-FeSe. Representative
SAED patterns for the nanosheet aggregates and an
isolated nanosheet (Figure 2e and inset, respectively)
indicate the single-crystalline nature of the individual
sheets and the polycrystalline character of the aggregates.
A typical SEM image of the 3-FeSe product (Figure 3a)
shows aggregates composed of two-dimensional sheets,
further confirming the nanosheet morphology. EDS
mapping data for Fe and Se (Figure 3b.c, respectively)
along with the combined overlay (Figure 3d) confirm the
uniform distribution of both elements across the sample.

The AFM image in Figure 4a shows the topography of
the 5-FeSe sheets, which are largely flat with small bumps
that are consistent with the polymer adhesion layer that
coats the Si surface. A line scan through one of the sheets
(Figure 4b) indicates an average thickness of approxi-
mately 1.5—2.0 nm. A single layer of the 5-FeSe structure,
which corresponds to the height of the unit cell, is
approximately 0.55 nm. This indicates that the -FeSe
nanosheets are generally 2—3 unit cells thick.

The formation of two-dimensional nanosheets can be
rationalized by the crystal structure and the preferred
orientation direction observed by powder XRD. The
PbO-type structure of S-FeSe contains layers of cova-
lently bonded Fe and Se. These layers are held together
through van der Waals forces and stack vertically along
the c-axis of the crystal structure (Figure 1, inset). When
B-FeSe begins to form in solution, the coordinating
solvent binds to the selenium layers, truncating growth
along the [001] direction and supporting growth within
the a—b plane to form two-dimensional nanosheets. Similar
mechanisms have been proposed for chemically related
alloys such as Bi,Te;” and Sb,Te;** synthesized using
solvent-based approaches. Control experiments conducted
in weakly coordinating solvents such as diphenyl ether
did not lead to the formation of nanosheets (Figure S1,

(58) Lu, W.G.; Ding, Y.; Chen, Y. X.; Wang, Z. L.; Fang, J. Y. J. Am.
Chem. Soc. 2005, 127(28), 10112-10116.
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Chem. Soc. 2005, 127(40), 13792-13793.
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Figure 3. (a) SEM image of 5-FeSe nanosheet clusters with associated
elemental mapping data showing the (b) Fe and (c) Se along with (d)
combined Fe and Se regions, indicating uniform distribution of both
elements throughout the nanosheet cluster.
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Figure 4. (a) AFM image of an isolated 5-FeSe nanosheet and (b) line
scan corresponding to the blue line in (a).

Supporting Information), also lending support to this
surfactant-directed hypothesis.

When Se-TOP is substituted with Te-TOP, nanosheets
of PbO-type f-FeTe form (a 20:1 molar excess of the Fe
precursor to the Te-TOP was required to avoid the
formation of crystalline FeTe, impurities). The powder
XRD pattern in Figure 5a confirms that the crystalline
product corresponds to phase-pure [5-FeTe. The lattice
constants, a and ¢, were found to be 3.8220(3) and 6.2704
(2) A, respectively, which match the literature values for
bulk B-FeTe (a = 3.821 and ¢ = 6.269 A).°" Figure 5b.c
shows representative TEM images of the -FeTe pro-
ducts, and the SAED pattern in Figure 5a (inset) confirms
the phase assignment. Like 5-FeSe, thin nanosheets com-
prise a majority of the samples, with some nanosheet
aggregates also present.

When the Fe:Te precursor ratio is changed to 1:1,
anisotropic nanocrystals of frohbergite-type FeTe, form

(61) Finlayson, D. M.; Grieg, G.; Llewellyn, J. P.; Smith, T. Proc. Phys.
Soc., B1956, 69, 860—862.
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Figure 5. (a) Powder XRD pattern and SAED pattern (inset) of S-FeTe.
TEM images highlight the nanosheet morphology, both as (b) isolated
rectangular sheets or (c) agglomerates of nanosheets.

(Figure 6). The powder XRD data in Figure 6a confirm
the formation of FeTe,, as does the SAED pattern. The
FeTe, system forms predominantly one-dimensional na-
nostructures instead of sheets (Figure 6b,c). Higher-
resolution TEM images show evidence for sheets that
emanate from the one-dimensional nanostructures
(Figure 6¢ and Supporting Information Figure S3),
implying that sheets may form initially and roll into tight
bundles, in analogy to other oxide and chalcogenide
materials that form nanoscrolls.*”**>7% The cross-
sectional TEM image in Figure S3 (Supporting Information)
further supports this hypothesis, showing evidence of hollow
tubes (e.g., nanoscrolls) upon slicing the sample during
microtoming. Although the crystal structure of FeTe,
is different from that of PbO-type S-FeSe and g-FeTe, there
are still alternating regions of Fe and Te. The coordinating
solvent would still be expected to preferentially bind to the
Te regions, helping to template two-dimensional nano-
structures.

In bulk 3-FeSe, substitution of Te to form a Fe(Se, Te)
solid solution has been reported to increase the super-
conducting 7. Fe(Se,Te) can also be obtained using this
solution chemistry method, as confirmed by the powder
XRD pattern of a Fe(Se,Te) solid solution member in
Figure 7a. Comparing this pattern to those of FeSe and
FeTe (reproduced in Figure 7a), the peak positions of the
solid solution appear intermediate to the positions of the

(62) Schaak, R. E.; Mallouk, T. E. Chem. Mater. 2000, 12(11), 3427—
3434.

(63) Kobayashi, Y.; Hata, H.; Salama, M.; Mallouk, T. E. Nano Lett.
2007, 7(7), 2142-2145.

(64) Shi, L.; Xu, Y. M.; Li, Q. Cryst. Growth Des. 2008, 8(10), 3521—
3525.
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Figure 6. (a) Powder XRD pattern and SAED pattern (inset) of FeTe,.
TEM images showing one-dimensional nanostructures (b), with evidence
of lamellar intermediates (c).

equivalent reflections in the two end members. The
slightly broader peak widths observed for the solid solu-
tion is likely the result of some substitutional disorder
throughout the sample. The average stoichiometry of the
solid solution members can be tuned simply by varying
the molar ratios of the Se-TOP and Te-TOP precursors,
as shown by the powder XRD patterns (Figure 7b) for
several members of the Fe(Se,Te) solid solution. Figure 7c
highlights a representative peak shift of the 011 reflection
that is consistent with lattice expansion associated with
the progressive incorporation of the larger Te atoms into
the p-FeSe lattice. EDS data indicate that the solid
solution members with nominal (starting) compositions
of 10:1, 7.5:1, and 5:1 have actual compositions of
FeSeq.67Te 33, FeSeq soTeg 33, and FeSe 57Teq 43, respec-
tively, normalized to Fe(Se,Te) with Se + Te = 1 and with
errors of approximately +0.02 for each value. This is
roughly consistent with the compositions expected from
Vegard’s law (considering unit cell volume), which corro-
borates the XRD and EDS data. Excess Fe was observed
by EDS, suggesting the possible presence of amorphous
iron oxide impurities (no crystalline impurities were
found by XRD or SAED). It is worth noting that the
actual Te:Se ratio in the solid solution products is greater
than the nominal stoichiometry of the reagents, suggest-
ing a preference for the incorporation of Te into the
structure relative to Se. Representative TEM images of
one member of the Fe(Se,Te) solid solution, FeSe, Te;_,
(x=0.62), are shown in Figure 8a,b, along with the SAED
pattern in Figure 8c confirming that it is a single PbO-type
phase. A representative SEM image of bulk quantities of
the x = 0.57 solid solution nanosheets is shown in Figure 9.
The associated elemental mapping data for Fe (Figure 9b),
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Figure 7. (a) Powder XRD patterns comparing a solid solution of Fe-
(Se,Te) to end members FeSe and FeTe. (b) Powder XRD patterns of a
series of 5-FeSe, Te; —, solid solutions, with x values 0f 0.67,0.62, and 0.57
(determined by EDS). A close-up of the 011 peak (c) shows peak shifts that
are consistent with the relative Te:Se ratios in the S-FeSe, Te;—, solid
solutions.

Figure 8. Representative TEM images of the x = 0.62 f3-FeSe, Te,_,
solid solution (a, b) highlight the nanosheet morphology. The SAED
pattern (c) confirms the tetragonal, PbO-type structure.

Se (Figure 9c¢), Te (Figure 9d), and the overlay of all three
(Figure 9¢) confirms the uniform distribution of all three
elements throughout the sample.

Despite the high crystallinity and phase purity de-
termined by the chemical and structural analyses, the

Oyler et al.

Fe+Se +Te °

Figure 9. (a) Representative SEM image of S-FeSe, Te;—, (x = 0.57)
nanosheet clusters with associated elemental mapping data (b—d) show-
ing the (b) Fe, (c) Se, and (d) Te regions of the sample. The overlapping
data is shown in (e), indicating the uniform distribution of all three
elements into the nanosheet clusters.

PbO-type compounds showed no evidence of a Meissner
effect that would be indicative of superconductivity. Plots of
magnetic susceptibility vs temperature for 3-FeSe, 3-FeTe,
pB-FeSe s2Teg 33, and FeTe, are shown in Figure S2 (Sup-
porting Information). Several features are evident, including
an ordering transition at approximately 60 K that is con-
sistent with antiferromagnetic ordering in bulk samples.®>*®
However, we cannot exclude the possibility that magnetic
impurities at the level of 1% of the sample are the dominant
cause of the magnetic signal. Despite this, the data clearly
show that the samples are not superconducting.

There are several reasons why the lack of superconduc-
tivity in these systems is not an unexpected result. Recent
studies conducted on thin films of -FeSe deposited by
pulsed laser deposition indicated that c-axis oriented
films less than 140 nm thick displayed barely perceptible
superconductivity.®” This was attributed to the lack of a
necessary structural distortion, which was hypothesized

(65) Sales, B. C.; Sefat, A. S.; McGuire, M. A.; Jin, R. Y.; Mandrus, D.;
Mozharivskyj, Y. Phys. Rev. B 2009, 79(9), 094521.
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mons, M. R.; Zhernenkov, M.; Fang, M.; Qian, B.; Vehstedt, E. K.;
Yang, J.; Pham, H. M.; Spinu, L.; Mao, Z. Q. 2008, ar-
Xiv:0809.2058v1 (pre-print).

(67) Wang,M.J.; Luo,J. Y.; Huang, T. W.; Chang, H. H.; Chen, T. K .;
Hsu, F. C.; Wu, C. T.; Wu, P. M.; Chang, A. M.; Wu, M. K. 2009,
arXiv:0904.1858v1 (pre-print).
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to be required for the occurrence of superconductivity.
Our nanosheets are also oriented along the c-axis and are
much thinner (~2 nm), which could explain the absence
of superconductivity in our samples. In addition, other
reports have provided evidence that superconductivity in
B-FeSe is highly dependent on stoichiometry'®%%% and
requires a slight excess of Fe for superconductivity to
appear; for example, 8-Fe| ¢;Se is superconducting with
T. = 8.5 K while -Fe; ¢3Se is not superconducting.16
Our samples of -FeSe were determined to have a slight
excess of Se (Feg.994S€1.014), so the lack of superconduc-
tivity could also be a result of this nonideal stoichiometry.
Further synthetic modifications to fine-tune the size and
thickness of the nanosheets, as well as the purity, are in
progress and could help to experimentally establish the
thickness dependence of the superconductivity in single-
crystal samples of -FeSe. Likewise, measurements on
single nanosheets of 8-FeSe could provide a direct way of
probing both dimensionality and the anisotropic nature
of superconductivity in this interesting system.

Conclusions

In summary, we have reported a low-temperature solu-
tion-based synthesis of PbO-type 5-FeSe, as well as related
Te-containing compounds and the composition-tunable

(68) Margadonna, S.; Takabayashi, Y.; McDonald, M. T.; Kasperkiewicz,
K.; Mizuguchi, Y.; Takano, Y.; Fitch, A. N.; Suard, E.; Prassides, K.
Chem. Commun. 2008, 43, 5607-5609.

(69) Pomjakushina, E.; Conder, K.; Pomjakushin, V.; Bendele, M.;
Khasanov, R. 2009, arXiv:0905.2115v1 (pre-print).
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Fe(Se, Te) solid solution. Because of the crystal structure
and coordinating solvent, the iron chalcogenides tend to
form nanocrystals with two-dimensional single-crystal na-
nosheet and nanosheet-derived morphologies. Although the
B-FeSe and -Fe(Se,Te) nanosheets did not show evidence
of superconductivity, these materials are still interesting for
future studies, both as probes for further exploring the
dependence of superconductivity on size and dimensionality
and for elucidating potential magnetic properties in related
systems.
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