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ABSTRACT The recent discovery of superconductivity in iron
selenide has attracted considerable attention due to the simplicity of
composition, unconventional nature of superconductivity, and ease of
synthesis. We have synthesized superconducting FeSe nanowires with a
simple catalyst-aided vapor transport reaction at 800 °C in an inert
atmosphere. The precursors were chosen to be elemental Se and iron

acetylacetonate [Fe"

facilitating transport, and also contributed to the formation of a

(CsHg0,)s]. These vaporized very easily, thereby
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carbonaceous shell encapsulating the FeSe nanowires. The superconductivity of these nanocables was confirmed through magnetic measurements and a T, of

~8 K was obtained for an ensemble of nanocables. The length of FeSe filling inside the carbon nanofibers could be varied by controlling the reaction conditions

while the diameter of nanowires was dependent on the thickness of Au—Pd coating used as a catalyst. Extensive analysis through high-resolution microscopy

revealed that there was considerable lattice contraction of FeSe in the nanocable up to about 3.6% along the c-direction leading to a reduced spacing between the

(001) lattice planes. Interestingly, this compression was more pronounced near the catalyst-FeSe interface and was reduced further along the length of the

nanocable. The presence of carbon nanofibers as a shell around the FeSe protected the FeSe nanowires from both atmospheric 0, and moisture attack, as was

evident from the very long ambient condition shelf life of these nanocables, and also makes them more stable under e-beam irradiation.
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he discovery of superconductivity in
TLaFePO in 2006 by Hosono and co-

workers' marked the onset of a new
family of iron-based superconductors. It
also began an era of unconventional super-
conductors, which has been termed “the
iron age of superconductivity”. These new
superconductors belong to the iron pnic-
tide families, generally referred to as [1111]
(LnFePnO, Ln = lanthanides, Pn = P, As)>~*
[122] (A'A"Fe,As, A = K; A” = Ba, Sr, Eu);>®
[111] (AFeAs, A = Li, Na);”® and the chalco-
genide FeSe (011).° Current progress in this
field has been compiled in several extensive
reviews.'®~ " The presence of superconduc-
tivity in an Fe-based compound itself is fasci-
nating because Fe is more popularly known for
having magnetic ordering, which does not
preferably coexist with superconductivity. The
common motif present in Fe-based supercon-
ductors is a Fe,Pn; layer (Pn = As, P), where Fe
is tetrahedrally coordinated to Pn in the anionic
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layer and the cationic layers play a significant
role of charge reservoirs. One of the simplest
compounds containing similar Fe,Pn, layers,
as found in these superconductors, is a PbO-
type tetragonal FeSe. In fact, in 2008, FeSe, a
simple binary compound, demonstrated
superconductivity at 8 K without any chem-
ical doping.’ FeSe has two major phases, a
Se-deficient tetragonal phase where super-
conductivity was initially observed® and an
Fe-deficient phase that is a stoichiometric
variant of the NiAs structure type.'” The
structure of superconducting FeSe is built
by edge sharing of the FeSe, tetrahedra
where both Fe and Se are 4-coordinated.'®
Analogous to other iron-based supercon-
ductors, FeSe also exhibits an enhancement
in T. through chemical doping with Tein the
anionic site (T, = 21 K).'” More interestingly,
the T, in this tetragonal FeSe is pressure-
sensitive and can be increased significantly
(36.5 K) by applying external pressure.'®'?
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Figure 1. (a) PXRD pattern of the nanowires showing a mixture of tetragonal FeSe and cubic Pd,,Se;5 along with Au peaks.
(b) SEM image showing huge yield of nanowires over the Si substrate.

Superconductivity in low-dimensional materials is of
huge interest to researchers working in this field. It has
been reported that superconductivity can be sup-
pressed in ultrathin nanowires of simple elemental
and alloy superconductors due to thermal and quan-
tum phase slips.?®?' The critical current on the other
hand increases significantly with decreasing diameter
of superconducting nanowires.?>?* Theoretical studies
on finite size effects in pnictide superconductors have
led to the belief that both critical current and T, can be
affected in low-dimensional structures.?* This finding is
especially important for the Fe-based superconductors
that inherently exhibit both high critical fields and
critical current density.'®""'* Superconducting nano-
wires are also important technologically, as ideally they
can provide a dissipationless flow of currentin complex
nanodevices. They can also facilitate high-efficiency
power transmission and offer potential applications in
photodetectors,”® superconducting gravimeters,
single-photon detectors,”? and quantum electronics.”®
Iron-based superconductors, by virtue of their uncon-
ventional nature, are expected to demonstrate a
change in not only their magnetic but also their
electronic properties on nanostructuring, thereby af-
fecting their superconducting properties.>® To date,
several superconducting nanowires, including those
of simple metals,>' cuprates [YBCO],*? and recently,
MgB,**3** have been synthesized through various tech-
niques, including vapor transport, sol—gel synthesis, elec-
trodeposition, and lithographic pattern transfer.20—2>32-34
However, there are very few reports on the synthesis of
FeSe nanostructures to date.3>>® Traditional techni-
ques for synthesizing FeSe such as pulsed laser
deposition,?” the selenization of Fe films,*® and solid
state reactions>® require drastic conditions, thereby
leading to bulk morphology. FeSe nanorods were
recently synthesized using chemical vapor deposition
methods,*® with H,Se as the selenium source. In this
paper we present a simple synthesis method for
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growing FeSe nanowires through one-step, catalyst-
aided vapor transport reaction.

RESULTS AND DISCUSSIONS

Synthesis of FeSe@C Nanocables. FeSe nanowires were
synthesized by chemical vapor deposition, under N,
flow at 800 °C in a horizontal tube furnace equipped
with a mass flow controller. In this approach for
the synthesis of FeSe nanowires, the key feature was
the choice of the precursors, iron acetylacetonate
[Fe(acac)s] and Se, both subliming very easily at 180
and 400 °C, respectively. These sublimable precursors
were expected to assist in the formation of nanowires.
A catalyst-coated Si wafer, maintained at 800 °C, was
used as a substrate to grow the nanostructures, while
Fe(acac)s; and Se were kept at the desired temperatures
to maintain a steady flow of the precursors. Further
details of the experimental setup are provided in the
Methods section. After the completion of the reaction,
the Si substrate was covered with a blackish product.
This was further characterized thoroughly through
powder X-ray diffraction (pxrd), scanning and tunnel-
ing electron microscopy (SEM, TEM respectively), scan-
ning tunneling electron microscopy (STEM), high angle
annular dark field imaging (HAADF), magnetic charac-
terization, X-ray photoelectron spectroscopy (XPS),
energy dispersive spectrometry (EDS), and Raman anal-
ysis to get an insight into the product morphology,
phase, and elemental composition.

Structural and Morphology Characterization. Figure 1a
shows the pxrd pattern of the product, confirming
the presence of tetragonal FeSe (JCPDS card number
04-001-9129) along with the peaks for Au used as
catalyst. Interestingly, the cubic phase of Pd;;Se;s
(JCPDS card number 00-011-0508) was also observed
as shown in the Figure 1a. Peaks of tetragonal FeSe
could be indexed according to the standard pattern
(JCPDS card number 04-001-9129). It should be noted
here that few FeSe peaks were indiscernible in the

VOL.7 = NO.2 = 1145-1154 = 2013 ACNJANIC

WWww.acshano.org

1146



T

N o o B Lo S

Figure 2. (a) Low magnification STEM image of the formed nanocables, showing core—shell type of morphology along with
nanocable tip. (b—d) Elemental analysis through line scan at the (b) tip of the nanocable showing the presence of Au, Pd, C, Se,
and Fe (right panel), (c) in the filling part showing Fe, Se, and C predominantly and minimal Au and Pd, and (d) in the tube,

confirming the presence of carbon nanofibers.

experimental pxrd pattern, probably due to orientation
effect and anisotropy in the formed nanostructures.
The pxrd pattern demonstrated a broad feature at the
260 range of 52—57°, which can be attributed to the
presence of several closely spaced peaks for Pd;,Se;s
that also overlaps with the peaks for tetragonal FeSe,
effectively giving rise to a broad peak. It was observed
that the pxrd pattern showed weak intensities and low
signal-to-noise ratio of the diffraction peaks. This could
be attributed to the fact that the pxrd pattern was
collected from powder spread over Si substrate where
the high crystallinity of the Si background created
obstructive scattering noise from the substrate. Also,
the actual amount of FeSe and Pd;;Se;s in the product
was only a fraction of the total mass (vide infra), thereby
reducing the signal intensity even more. The thickness
of the FeSe nanostructure as estimated from the
Debye—Scherrer equation*' was ~23 nm.

SEM, as shown in Figure 1b, exhibited a high yield
of nanowires, with lengths exceeding several micro-
meters and diameters in the range of 30—70 nm.
Careful observation of the STEM images, however,
revealed that the nanostructures possess a peculiar,
core—shell type of morphology, as shown in Figure 2a.
These nanostructures consisted of hollow tubules filled
with solid material where the tip of the filling is
typically darker in contrast, giving them the appear-
ance of a “nanocable”. The diameter of the filling was
20—50 nm and the length of the individual tubules
varied from 5 to 10 um. EDS analysis demonstrated the
presence of elemental Fe and Se in a 1:1 ratio in these
one-dimensional nanostructures, confirming the for-
mation of FeSe (Supporting Information, Figure S1).
A detailed elemental analysis of the nanocables was
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performed through EDS line scans collected from
different locations along the nanocable length to de-
termine the composition of the nanocable tip, filling,
and tube wall. Figure 2b illustrates the line scan
performed at the tip of the nanocable, revealing the
presence of both Au and Pd catalyst as major compo-
nents along with trace amounts of Fe and Se. Figure 2c
illustrates the line scan collected from the body of
the filling. In this region, both Fe and Se appeared
to be the major components along with C and neg-
ligible amounts of Au and Pd. Interestingly, the C
signal (green line) peaked near the tube walls, indicat-
ing there was less C in the filling itself. Figure 2d
illustrates the line scan performed across the tubule
where there was no filling, clearly showing that the C
signal was most intensified with a negligible amount of
Se, Fe, Au, and Pd. Thus, it was concluded that the
hollow tubules were comprised of C, while the filling
was purely FeSe. Further quantitative and qualitative
analysis was performed using X-ray photoelectron
spectroscopy (XPS) technique to confirm the chemical
composition (Supporting Information, Figure S2a). The
XPS spectra collected on the nanocables indicated
the presence of elemental Se and C, along with a trace
amount of Fe. After sputtering for 20 min which
removed approximately 20 nm surface layers of nano-
cables, the Fe signal increased significantly and the C
signal decreased. This type of superconducting nano-
wire, encapsulated by carbon nanotubes (CNT), has
been previously reported for Sn nanowires.*? Raman
spectroscopy was conducted on an ensemble of these
nanocables to get a better insight of the carbonaceous
shell in these nanocables. Raman analysis demon-
strated both a D band and a G band at 1319.30 and
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1585.85 cm ™, respectively (Supporting Information,
Figure S2b). The area integral intensity ratio of the D
and G peaks (Ip/lg) in the Raman spectra was calcu-
lated to be 3.327, indicating the presence of amor-
phous carbon in the form of nanofibers.** The length of
the FeSe filling inside the nanocables could be in-
creased by varying the reaction conditions, including
an increase in the concentration of the reactants (Se
and Fe(acac)s), whereby, we could successfully extend
FeSe filling further away from the tip (Supporting
Information, Figure S3). The diameter of the FeSe filling
could be somewhat controlled by the diameter of the
Au—Pd catalyst particle, where the optimal catalyst
thickness was observed to be 50—100 nm. These nano-
cables were also analyzed through high resolution
transmission electron microscopy (HRTEM), which de-
monstrated crystalline nature of the FeSe filling and
offered some valuable insights for understanding
the growth mechanism of these FeSe@C nanocables
(vide infra).

Superconductivity in these nanocables was charac-
terized by DC magnetic susceptibility, measured on an
ensemble of nanocables, spread on the Si substrate.
Magnetization was measured as a function of tempera-
ture, under zero field cooled conditions using, a vibrat-
ing sample magnetometer. Figure 3 illustrates a plot of
magnetic susceptibility (y) as a function of tempera-
ture, measured with an applied field of 100 Oe. Super-
conducting transition was clearly observed at ~8 K,
which was in good agreement with the T. of bulk
FeSe.” Because the exact mass of the nanocables
dispersed over Si could not be precisely determined,
the magnetization data could not be normalized with
respect to mass. Hence, the magnetization of a blank Si
substrate was also measured under similar conditions
and used as a reference. As expected the Si substrate
by itself did not demonstrate any appreciable transi-
tion (Supporting Information, Figure S4). However, the
magnetization data from the ensemble was heavily
masked by the huge diamagnetic background from
both the Si substrate and the carbonaceous shell.
Interestingly, the carbonaceous shell did not affect
the superconducting T, of FeSe in these nanocables.
This observation is similar to that made by Jankovic
et al. for their CNT-coated Sn nanowires.*?

High Resolution TEM Characterization of FeSe@C Nanocables.
HRTEM was performed at various regions of the
FeSe@C nanocables, as shown in Figure 4a—f. HRTEM
revealed lattice fringes of both the FeSe filling and
Au—Pd-rich catalyst, which demonstrated a high de-
gree of crystallinity of these phases. The carbon tubule
walls, however, did not demonstrate a high degree of
crystallinity. Figure 4a illustrates the bright field TEM
image of a filled nanocable, which includes regions
of different contrast. An EDS line scan along the
same nanocable (Figure 4b) indicates that, beginning
at the tip, the nanocable has a sequence of Au-rich,
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Figure 3. Plot of magnetic susceptibility vs temperature of
the FeSe@C nanocables showing the onset of superconduc-
tivity at ~8 K.

Pd—Se-rich, Fe—Se-rich, Pd—Se-rich, and Fe—Se-rich
segments, as shown by arrows in the Figure 4a.
EDS point analysis collected from the above marked
regions also corroborated the proposed element dis-
tribution (Supporting Information, Figure S5). The elec-
tron diffraction pattern (inset in Figure 4a) obtained
from the Au-rich tip confirmed the presence of single
crystalline Au. It was observed that, while Au was
immobilized at the tip of the nanocable, the Pd part
of the bimetallic catalyst actually attached to the
growing FeSe (as shown in Figure 4a) and was fre-
quently dislodged from the tip, whereby the Pd-rich
segment was located within the FeSe filling (4th arrow
from the left in Figure 4a). Figure 4c is a magnified
HRTEM image illustrating the interface between the
Pd—Se region (on the left) and the Fe—Se region (on
the right). The lattice spacing in the Fe—Se region was
measured to be 5.32 A, which is in close agreement
with the (001) plane of the tetragonal FeSe phase. The
Pd—Se rich region was characterized by electron dif-
fraction (ED) generated by Fast Fourier Transform (FFT)
from the lattice fringes (inset of Figure 4c), which
indicated the presence of cubic Pd;,Se;s single crystal.
While the majority of the FeSe nanocables showed
lattice fringes corresponding to (001) planes, some
nanocables, as shown in Figure 4d, exhibited lattice
fringes at 3.05 A corresponding to the (101) plane.
HRTEM images shown in Figure 4d were collected from
the FeSe filling which was far away from the catalyst tip.
The inset in Figure 4d illustrates the experimental
electron diffraction pattern from this FeSe filling phase,
which contained diffraction spots corresponding to
the (113 and 111) planes, respectively. Frequently the
other end of these nanocables also contained a catalyst
tip, as shown in Figure 4e, which shows regions of a
different contrast. A magnified, high resolution image
of this catalyst tip collected from the region marked by
the white box is given in Figure 4f. The lattice spacing
from the FeSe region was measured to be 2.61 A,
matching that of the (110) planes of the tetragonal
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Figure 4. (a) TEM image of the FeSe@C nanocable showing the segregation of Au, Pd,;Se; 5, and FeSe along the nanocable length.
Inset shows the SAED pattern obtained from the Au region. (b) EDS line scan performed across the length of the nanocable (from
position 1—2) tracing the presence of Au, Pd, Fe, and Se at different regions. (c) HRTEM image showing the interface between
Pd,;Se;s and FeSe. Inset shows the FFT pattern generated from the Pd;,Se, s region. (d) HRTEM image of the FeSe displaced away
from the catalyst tip. Inset shows the SAED with the spots indexed to tetragonal FeSe. (e) TEM image of the catalyst tip at the end of
the FeSe@C nanocables showing coexistence of Pd,;Se,s and FeSe. (f) HRTEM image of the catalyst tip showing the interface
between FeSe (left side) and Pd;,Se;s (right side). Inset shows the FFT pattern of the Pd,,Se;s phase.

FeSe phase. The inset in Figure 4f shows the FFT image
of the Pd/Se region, which contained spots corre-
sponding to 2.48, 2.29, and 2.09 A, matching with the
(471), (421) and (050) planes of the cubic Pd;;Se;s
phase, respectively. Single crystal Si was used as a
calibration standard for accurately estimating the lattice
spacing from HRTEM images. All calculations for lattice
spacing were done by counting at least 30 lattice planes.
From these detailed microscopic studies involving
HRTEM, EDS line scans, and elemental mapping, it was
evident that the nanocables were not pure FeSe, but
rather consisted of segments of Au, Pd;,Se;s, and FeSe,
thereby forming a composite nanocable. But, it should
be noted here that the FeSe segment in the nanocable
was chemically pure because there was no evidence of
chemical doping with either Pd or Au in the FeSe regions.

Evidence for Lattice Compression of FeSe and Its Effect on T.. It
should be noted that the (001) lattice spacing for the
tetragonal FeSe is reported to be 5.52 A.'> For the
FeSe nanocables, the (001) lattice spacing consis-
tently demonstrated a contraction of ~3.62%. Lattice
compression for the FeSe was also observed through a
reduction of lattice spacing for other planes such as the
(101) plane [3.05 A (experimental) vs 3.15 A (reported)],
which showed a contraction of ~3.1%, as seen in
Figure 4d. Analogous to both (001) and (101) planes
of FeSe, the (110) plane of FeSe also indicated a
contraction in the lattice spacing. The value obtained
from the standard diffraction data was 2.69 A. This
value corresponds with a ~2.97% of lattice contraction
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along [110]. From the extensive HRTEM and SAED
analysis it was evident that the FeSe in these nano-
cables showed appreciable lattice compression which
was maximum along the [001] direction but also no-
ticeable along the [101] and [110] directions. The lattice
compression along the c-axis (i.e. [001] direction) is
very critical in the FeSe superconductors. Previous
work by Cava and co-workers have established that
on application of external pressure, the FeSe lattice
shrinks along the c-direction, thereby leading to denser
packing of the Fe,Se, layers. This compression along
the c-direction is accompanied by an enhancement
in T.'®"® The compression along the c-direction in-
creases with the applied pressure before the FeSe
lattice undergoes a total phase transformation to the
hexagonal phase at 38 GPa of pressure.'®'® Hence, it
can be expected that in these FeSe nanocables, com-
pression of the lattice along the [001] direction is
reflective of some internal pressure effect. The pressure
on the FeSe nanocables might be attributed mainly to
the presence of FeSe—Pd,,Se;5 interface and also to
the effect of restricted growth within the carbonaceous
shell. Because T, in FeSe superconductors is very sen-
sitive to pressure, it might be expected that the lattice
compression will show some effect in the T, of these
nanocables. However, the T, as obtained from magne-
tization studies of the FeSe nanocable ensemble
was ~8 K, as shown in Figure 3.

Hence, to get a better insight into this compres-
sion along the [001] direction in the FeSe nanocables
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Figure 5. HRTEM images of the FeSe region collected from different sections in the nanocable. (a) Low-magnification image of
the nanocable showing different regions (Au, FeSe, Pd,;Se;;s), as marked by arrows. (b) FeSe region near the interface [shown
by white box in (a)] with lattice fringes corresponding to (001) planes showing a spacing of 5.29 A. (c) FeSe region at the
middle of the nanocable showing a lattice spacing of 5.44 A for the (001) planes. (d) FeSe region at the end of the nanocable
away from the catalyst tip, showing a separation of 5.51 A between the (001) planes. Inset in (b—d) shows the FFT-generated
ED patterns, with diffraction spots corresponding to (001) planes.

extensive HRTEM studies were performed on FeSe
region in different parts of the filling (Figure 5a—d),
namely, (i) at the interface with the Pd—Se phase;
(Figure 5b); (ii) at the middle portion of the FeSe filling
(Figure 5c); and (iii) at the open end of the filling
(Figure 5d). Figure 5a shows the low magnified image
of the nanocables showing different regions, Au, FeSe,
and Pd,;Se;s. Figure 5b shows the fringes obtained
from the FeSe region close to FeSe/Pd,Se;s interface.
Inset of Figure 5b indicates FFT obtained from the
same region, which could be indexed to (001) planes of
tetragonal FeSe. The d-spacing corresponding to (001)
plane could be calculated (from both the lattice fringes
and FFT) as 5.29 A, which corresponds to approxi-
mately 3.8% contraction. Figure 5c¢ shows the fringes
obtained from the middle portion of the FeSe filling. It
shows the lattice spacing of 5.44 A, which corresponds
to 1.44% lattice contraction. Figure 5d demonstrates
HRTEM obtained from the FeSe region corresponding
to the open end of the filling. It showed the lattice spac-
ing of 5.51 A for the (001) planes, which corresponds
to 0.1% contraction. These observations indicate that
the lattice compression is maximum at the FeSe—Pd;,Se1s
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interface and reduces as the FeSe grows away from the
interface and is almost negligible at the open end of
the FeSe filling. Hence, the amount of FeSe facing this
interfacial pressure is only a fraction of the entire
nanocable. This might be the reason that the effect
on T, is very minimal. The authors are currently trying
to increase the interfacial contact area between the
Pd—Se and FeSe phases, thereby expecting a larger
lattice compression and enhanced effect on the T..
Mechanism of Growth of FeSe@C Nanocables. We varied
reaction parameters to gain an insight into the forma-
tion mechanism of the FeSe@C nanocable. We soon
realized that the role of a bimetallic catalyst is im-
portant for formation of the FeSe nanocables. Ex-
periments conducted in the absence of Au—Pd cata-
lysts did not produce any FeSe deposition on the Si
substrate. An investigation of the reaction products
at lower temperatures (600—800 °C) provided an in-
sight into the mechanism behind the growth of FeSe
nanowires. We performed detailed characterization of
the intermediate nanostructures through extensive
electron microscopy (SEM, TEM, and STEM) and EDS
analysis. Figure 6 shows the various stages involved in
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Figure 6. (a) TEM image of the carbon-encapsulated catalyst formed at 600 °C, which shows segregation of Au—Pd. Panel at
the bottom shows the EDS line scan performed across the catalyst particle (shown in inset), confirming the presence of Au-
and Pd—Se-rich zones, respectively. (b) STEM image of a nanocable in the second stage of growth along with corresponding
elemental mappings for Au, Pd, Fe, and Se. The carbonaceous shell was not very visible because it was acquired in the HAADF
mode of STEM. (c) Elemental mapping of a fully grown FeSe@C nanocable showing distribution of Au, Pd, Fe, Se, and C along

different sections of the nanocable.

the formation of FeSe@C nanocables. During the initial
stages of growth, the catalyst particles demonstrated a
segregation of Au and Pd, leading to the formation of
heterozones, as shown in the TEM image in Figure 6a.
The phase segregation of Au and Pd was also con-
firmed through elemental line scan performed across
the bimetallic catalyst (shown in the bottom part of the
Figure 6a), which showed two distinct phases: Auin the
higher contrast region and Pd—Se in the lower contrast
region. It should be noted here that the formation of a
carbonaceous shell was very apparent right from the
primary stages of nanostructure formation, and the
origin of it has been described in detail below. EDS
spectra revealed trace amounts of Fe along with Au, Pd,
and Se in these biphasic nanoparticles (Supporting
Information, Figure S6), demonstrating that, at low
temperatures (600 °C), the incorporation of Fe into
these nanostructures have just only begun. Fe was
present mostly at the Pd-rich edges of the biphasic
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nanoparticles, indicating that the decomposition and
adsorption of Fe precursors were catalyzed by the Pd
part of the bimetallic catalyst. In the second stage of
growth, Se- and Fe-rich vapors started diffusing in the
bimetallic Au—Pd catalyst. Figure 6b shows the ele-
mental mapping from an arrested intermediate stage
of growth, where the nanocable has just started grow-
ing out from the catalyst end. It demonstrated similar
segregation of the Au and Pd regions in the catalyst tip,
while the preferential attachment of the growing
Fe—Se region to the Pd-end of the catalyst was more
visible at this stage. Small migration of Pd;;Se;5 near
the growing Pd—FeSe interface was also very apparent
in the elemental mapping, which showed that, while
Pd is most concentrated near the catalyst tip (upper
left-hand region of the Pd map in Figure 6b), there
is @ minor spreading of Pd into the Fe-rich region.
Se mapping indicates the spread of Se over the
entire Pd- and Fe-rich regions. As the mapping was
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performed in the STEM mode of TEM, the brighter
contrast of carbon shell was not visible in the STEM
image. As the reaction progressed, a continuous supply
of iron from the precursor into the growing nanofibers
through surface diffusion formed the thermodynami-
cally stable FeSe filling. As the reaction continues, the
formed FeSe further gets filled up inside the carbon-
aceous shell and led to the formation of nanocables.
Figure 6c demonstrates the elemental mapping of the
fully grown nanocable. The segregation of the bime-
tallic catalyst is carried over to the nanocables also,
where the Au catalyst remains at the tip away from the
FeSe, while the FeSe forms an interface with Pd,;Se;s,
which also gets diffused in the growing nanocables
near the catalyst—FeSe interface.

The formation of C nanofibers was highly unantici-
pated in this reaction scheme. The choice of the iron
precursor, however actually facilitated the formation of
C nanofibers. During the reaction, Fe(acac); was not
only a source of iron but also a huge reservoir of
carbon. These factors gave rise to an ideal condition
for the growth of carbon nanofibers encapsulating the
formed FeSe. Previous studies indicate that, the multi-
wall carbon nanotubes forms readily on the Au—Pd
catalyst.** As the reaction progresses, the carbon
species generated through a decomposition of Fe-
(acac); both dissolves and diffuses into the liquid
catalyst. At supersaturation of the catalyst, the carbon
gets precipitated out as nanofibers.

Binary Phase Diagrams of Au—Pd, Pd—Fe, Pd—Se, and
Fe—Se Systems. To understand the different activities
of the Au and Pd zone of the bimetallic catalyst toward
formation of the FeSe phase, we looked at the binary
phase diagrams of Au—Pd, Pd—Fe, Au—Se, and Pd—Se
systems.*~*® From the Au—Pd binary phase diagram it
was evident that they mostly exist as solid solution and
do not form any stable alloy till about 1100 °C above
which they form the molten phases.* Hence, the
segregation of the bimetallic catalyst into the Au-rich
and Pd-rich zones as the reaction temperature was
raised to 800 °C could be explained. The Au—Fe phase
diagram shows minimal miscibility of these two ele-
ments at 800 °C.*® The Fe—Pd phase diagram on the
other hand revealed that, in the Pd excess region,
stable alloys like FePd and FePds can be formed above
250 °C.* This indicates that Fe has a better miscibility
with Pd than with Au, and hence, in the present case, as
the Fe(acac)s precursor is transported over the catalyst
particle and decomposes, the Pd zone of the catalyst
particle will preferentially act as the nucleation point
for VLS growth. As Se vapors are transported in the

METHODS
Synthesis of FeSe@C Nanocables. Core—shell FeSe@C nano-
cables were grown on a Si substrate (Si quest international)
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reaction zone, it gets dissolved into the Pd—Fe rich
zone of the catalyst, thereby forming the selenides. The
Pd—Se binary phase diagram reveals that in the excess
Se zone, Pd;;Se 5 is one of the stable intermediates
before it goes to PdSe,.*® The miscibility of Fe with Pd,
and the preferential stability of the Pd- and Fe-sele-
nides leads to Pd-end of the catalyst being the active
growth zone, while Au is immobilized at the nonparti-
cipating end. Hence, as the nanofiber is being filled up
with FeSe, the catalyst-filling (FeSe) interface at the Pd-
end will play a very definitive role in defining the crystal
structure of the FeSe filling. The authors are trying to
investigate this theme further by attempting synthesis
of FeSe nanostructures catalyzed by pure Pd nanopar-
ticles, which may show interesting variation in the
properties.

CONCLUSION

In conclusion, we have successfully developed a
protocol for the synthesis of the superconducting FeSe
(T ~ 8 K) nanocables surrounded by a carbonaceous
shell. The simplicity of the process makes it viable for a
large-scale production of the superconducting nano-
cables. The nanocables reported in this paper indicate
an ~3.65% compression of the FeSe lattice along
the c-direction where the compression is more near
the catalyst—FeSe interface and reduces further along
the length. The presence of an interface between the
Pd-rich phase and FeSe, in combination with restricted
growth, may lead to a build-up of internal pressure
acting on FeSe, resulting in compression of the lattice.
Because the T. in the FeSe superconductors is extreme-
ly pressure-sensitive, this type of nanostructure will
be more useful when investigating the effect of mor-
phology on the T.. For example, we are currently trying
to increase the catalyst—FeSe interface while preser-
ving the nanostructured morphology, thereby expect-
ing to see a much more contraction in the c-direction of
FeSe and significant enhancement in T.. The distin-
guishing factor is that the carbonaceous shell does not
destroy the superconducting characteristics of the
FeSe. It may instead protect the FeSe from undergoing
either aerial oxidation or any other atmospheric da-
mage, both of which may lead to either the destruction
or inhibition of superconducting properties. These
types of superconducting nanocables can be of sig-
nificant technological importance because the super-
conductors, being already encapsulated by carbon
nanofibers, provide an assembly that can be fur-
ther utilized for the superconducting FET device
manufacturing.

by chemical vapor deposition. These Si substrates were cut into
pieces of T x 1 cm? and prewashed with isopropanol and
acetone in order to remove dirt particles. These substrates were
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then sputter-coated with Au—Pd (3:2) for 120 s, creating a thick
layer of (approximately 100 nm) Au—Pd over the substrates.

A chemical vapor deposition with a horizontal tube furnace
assembly was utilized to synthesize the FeSe@C nanocables.
Silicon substrates were kept at the central region of the
horizontal furnace at 800 °C. With the help of a mass flow
controller the reaction assembly was maintained at a contin-
uous N, flow of 180 sccm. Both iron(lll) acetylacetonate (99%
purity, STREM chemicals) and selenium shots (1—3 mm, amor-
phous, 99.999%) were chosen to be the precursors for Fe and Se,
respectively. Selenium shots were positioned at 400 °C; the
Fe(acac)s; was kept at a 180 °C region. Initially, The Fe(acac)s and
Se were kept outside the heating zone by pushing the ceramic
liner to the extreme left. Once the central zone of the furnace
reached the reaction temperature (800 °C), the ceramic liner
was pushed to the right such that the Se and Fe(acac); were
at 400 and 180 °C, respectively. These steps were crucial for
reproducibility of the reaction, as it avoids the sublimation and
escape of the reactants (Se and Fe(acac)szvapors) before the
Au—Pd catalyst reaches the melting temperature. The reaction
was conducted for 30 min, and the furnace was cooled down at
the rate of 8 °C/min. After the reaction was completed, we
observed a grayish black deposition on the silicon substrate.

Characterization of the Nanocables. Powder X-ray Diffraction.
The product was characterized without any subsequent purifi-
cation through powder X-ray diffraction (Philips X-Pert) using
CuKa (1.5418 /f\). Because the product formed a very thin layer
on the Si substrate, the pxrd was collected at grazing angles in
thin film geometry (Gl mode with Gobel mirrors).

Electron Microscopy Characterizations. Scanning electron
microscope imaging was performed using FEI Helios NanoLab
600 FIB/FESEM directly onto the Si substrate covered with the
nanocables. TEM images were obtained on FEI Tecnai F20
operating at 200 kV. Black powder on Si substrate was both
scratched and dispersed in an acetone solution to prepare the
TEM sample. A drop of the “as-prepared” solution was placed
onto a carbon-coated TEM grid and dried in air prior to TEM
imaging and EDS.

Magnetic Characterizations. A magnetic moment was col-
lected from both a SQUID magnetometer and the VSM option of
PPMS. The Si substrate containing the FeSe@C nanocables was
loaded into a gel cap and was inserted into the magnetometer
with the help of standard sample loader. The diamagnetic signal
from the gel cap was collected separately and subtracted as a
background from the signal obtained from the sample. The ZFC
data was obtained after cooling the sample down to ~2K under
0 magnetic field and then by measuring the magnetic suscepti-
bility warming up data. The susceptibility of a blank Si substrate
that was heat treated under conditions (similar to that for FeSe
nanocable growth) was also collected and used as a reference.

X-ray Photoelectron Spectrometry. Elemental quantification
was performed on a Kratos Axis 165 photoelectron spectro-
meter. The Si substrate containing an ensemble of the FeSe@C
nanocables was analyzed both before and after sputtering.
Sputtering was performed for 20 min, which removed an
approximately 20 nm layer from the substrate.
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