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Abstract: A new FeSe-based superconductor Li, (C;HioN; ), Fe;Se; (C;HygN, refers to 1, 3-
diaminopropane) was successfully synthesized via the two-step method. This new material
belongs to a tetragonal system and has a superconducting transition temperature (T,.) of 35 K.
After annealing at 125 °C for 12 h, the crystal structure of this sample remained constant, but the
T. suddenly moved to 39 K, as confirmed by the powder X-ray diffraction and the magnetic
susceptibility, respectively. Before and after annealing, the lattice constants a and 6 changed
within 0. 3 %, and the changes in ¢ were slightly larger than 1 %. Therefore, it can be inferred
that the evident change in T. between as-synthesized and annealed samples should be attributed to
a rearrangement and more homogeneous distribution of the intercalated guests.
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0 Introduction

In the last three decades, especially since the
discovery of the copper oxide high transition

superconductor'”,  the

temperature study of
“unconventional ” superconductivity has become
one of the main topics in condensed matter physics.
Among the unconventional superconductors?®!, the 3-
FeSe has the simplest crystal structure composed of
a stack of edge-sharing FeSe,-tetrahedral layers
and the T, of bulk 8-FeSe is highly tunable and can
change from 8 K to over 40 K", The preferred
condition to increase the T. of FeSe is by electron
doping., which has been successfully realized via

[7]

the interlayer intercalations””, and interface

]

charge transfer™. Therefore, finding an effective

FeSe-based

superconductors has triggered a huge amount of

way to increase the T. of
innovative scientific inquiry.
Annealing is also one of the effective methods
to improve the quality of samples and enhance T,
due to the enhancement of crystallinity and the
changes in the two-dimensionality of the electronic
structure and the interlayer coupling of cooper

W10) - Compared  with  high  pressuret!'”,

pairs
molecular beam epitaxy ( MBE)!™! and other
technical means, annealing does not require overly-
complex facilities, and most of scientific research
groups can easily carry it out. For example, after
high-pressure annealing of the as-synthesized FeSe-
based superconductor LiFeO,Fe;Se,, the T. of
this sample increased from 40 K to 43 K and the
superconducting shielding fraction also improved

121 More interestingly, the T of a newly

significantly
synthesized Liy s ( CGGHoN; Do s Fe,Se, ( CG;H N,
refers to 1,2-diaminopropane) superconductor was
directly increased from about 36 K to 45 K after
annealing under vacuum, which was the first
report of a significant increase in T. just by
annealing in FeSe-based superconductors-.
Therefore, more new samples should be prepared
to research the origin of high T. mechanism. We

want to change the composition of the intercalated

samples, using the 1, 3-diaminopropane of 1, 2-
diaminopropane isomer as a ligand to see if it can
also synthesize samples with superconducting
properties,

The two-step method (refering to chemical
ultrasound reaction and solvothermal reaction) is a
relatively effective chemical synthesis method for

FeSe-based

superconducting materials, which have a purer

synthesizing  high  temperature
crystal phase and a higher crystallinity"'®. Herein,
we successfully synthesized a new superconductor
Li, (C;H,,N,), Fe,Se, by the two-step process-*/,
Post-annealing effects on the crystal structure and
superconductivity were also discussed. It is found
that the crystal structure maintains, which is
confirmed by the powder X-ray diffraction, and
that the as-obtained sample shows the T is 35 K,
and the T. of the annealed sample is 39 K, which
susceptibility

is confirmed by the magnetic

measurement,

1 Experimental

1.1 Synthesis of FeSe

Predecessor of tetragonal FeSe was obtained
by the traditional solid-state reaction method. A
certain stoichiometric ratio of ferrous powder
(99.99%, Alfa Aesar) and selenium particles
(99.999%, Alfa Aesar) were mixed and placed
into an alumina crucible in an argon-filled glove
box and sealed in an evacuated quartz tube. The
tube was sintered at 1050 ‘C and then cooled at a
rate of 1°C *min~' to 410 ‘C. At 410 C the
evacuated quartz tube was kept for 100 h. After being
quenched in ice water, the black FeSe powder was
obtained to be used for the intercalation.
2.2 Synthesis of Li, (C3H;yN,),Fe,Se,

Polycrystalline samples of Li, (C;HioNy ), Fe, Se;
were prepared via the two-step method. 0. 135 g
FeSe powder and 0. 07 g Li were put in 1, 3-
diaminopropane in an ampule and sonicated for 3
h. Then the dispersed liquid was transferred to a
Teflon-lined autoclave and heated at 130 C for 3
d. After being washed repeatedly with the fresh 1,
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3-diaminopropane and dried at room temperature, the
Li, (G, HigNy), Fe; Se; compound was obtained. All
the processes were performed in an argon-filled
glove box to prevent oxidation of the as-obtained
samples.  Post-annealing of the as-obtained
samples was carried out at 125 °C for 12 h in a
vacuum glass tube.
1.3 Characterization

The phase of samples was characterized by
powder X-ray diffraction (XRD) using Cu Ka radiation
(A= 1.5418 A) of a Philips X-ray diffractometer. The
magnetic  susceptibility  was
commercial SQUID (Quantum Design). The chemical

composition was determined by inductively coupled

measured using a

plasma-atomic emission spectroscopy (ICP-AES) and
( Vario EL 1II,

Thermogravimetric (TG) analysis was performed on a

elemental analyzer Germany ).

simultaneous thermal analyzer (perkinelmer sta8000)
from room temperature to 450 ‘C in a stream of N,

with a heating rate of 10 C * min ',
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Fig. 1 Powder X-ray diffraction pattern of FeSe
2 Results and discussion

Fig. 1

synthesized precursor FeSe. It can be inferred from

shows the XRD pattern of the

the XRD pattern that the synthesized FeSe has a
tetragonal structure of the anti-PbO-type. The unit
cell parameters a =3. 772(2) A and ¢=5.526(3) A.
This is almost identical to what was reported in the
previous literature, a = 3. 770 (1) A and ¢ =
5.521(8) A,

Fig. 2(a) shows the XRD pattern of the as-
obtained Li, (C;H;yN;),Fe,Se,. All the diffraction
peaks are well indexed to tetragonal lattice with
cell parameters a =3. 793(1) A and ¢=9. 263(2) A,

indicating that a pure phase of Li, (C;H;oN; ), Fe,Se,
is prepared by the two-step method. Moreover, it is
found that parameter a of Li, (C;H;yN;),Fe,Se, is a
little larger while parameter ¢ is much larger than that
of FeSe (a =3. 7676 (2) A.c=5. 4847 (1) A)
respectively, implying that Li atoms and 1, 3-
diaminopropane ~ molecules  are  independently
intercalated into the interlayer space of FeSe. The
intercalation of lithium and 1, 3-diaminopropane were
further affirmed by ICP-AES and elemental analyzer.
The composition of the as-obtained sample can be
estimated as Liy s (CyHoN; Do 9Fe;Se,.  Compared
with the alkali metal lithium and 1, 2-diaminopropane
( GHN, Do pFe, Se,

slightly

co-intercalated Lig, 5
parameter a is only smaller, but
parameter ¢ decreases by 14 %, which would be
assigned to the different types of organic amines as
well as the different arrangement of organic amine
molecules in FeSe layers in this work. However,
compared with Nag g5 (CsH¢Ny ) s2Fei g4Se;, (¢ =
10. 000 AL, parameter ¢ is slightly reduced,
which may be attributed to the fact that sodium
ions are larger than lithium ions.

The XRD pattern for the annealed sample is
shown in Fig. 2(b). It is found that the annealed
sample retains the tetragonal crystal structure and
the lattice constants (a=3. 803(1) A,c=9. 363(4)
A) are a little larger than that of the as-obtained
Li, (C;H,¢N;),Fe,Se, s indicating that the sample
has good thermal stability. In the previous
reports, the annealing effect can affect the cell
parameter ¢, which also shows that, to a certain
extent, the cell inclined to

change*. From the XRD patterns of the as-

parameter ¢ 1S

synthesized and annealed samples, it can be clearly
seen that the XRD diffraction peaks of the annealed
sample become sharper, which indicates that the
sample after annealing has better crystallinity™'".

In order to further confirm the content of
organic amines, we performed a thermogravimetric
analysis of the as-obtained sample. As shown in
Fig. 3, the total mass loss is about 14. 78 % after

being heated up to 450 °‘C at a rate of 10 C -
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as-synthesized sample Li, (C;H;yN;),Fe;,Se, and (b) the 0.015 .._.-' E
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min~', which is a little larger than the mass K
fraction of organic amines » which is 11. 80 % as 0.02
estimated by the elemental analyzer. The mass () JUTT———
. .. . . . 0.01 &
loss is divided into two steps. During the first _.:':
. o, —_ ® o
step, the mass loss is about 7 % below 120 °C, " 0001 ..°° "
. . . . * .
which may be associated with the small amount of 2 rens® RYLES
. . S _ o0o® "
water, 1, 3-diaminopropane on the surface and in the § 0019 oeeeeees® o
|
. . . < »
internal of as-obtained Lig s (CsHioN; )g 49 FesSes. o0 e
. T -
After the second step, between 120~320 °C, the ___.--"'
. ..
mass loss reaches 14. 78 % and is not further 003 T
decreased at a higher temperature, indicating that . - - -
0 10 20 30 40 50
the 1, 3-diaminopropane is almost all detached TIK

from the as-obtained samplet'.

Fig. 4(a) displays the temperature dependence
of magnetic susceptibility in a magnetic field of 10
Oe on zero-field cooling (ZFC) and field cooling
(FC) for the as-obtained Li, (C;HioN, ), Fe,Se,.
The T is observed at 35 K, which is higher than
that of pure FeSel'™, but is slightly lower than

T.=36. 7 K observed in FeSe under pressure®

(a) The magnetic susceptibility of the as-synthesized
Li, (CsH19Nz) yFeySey sample in a magnetic field of 10 Oe on
zero-field cooling (ZFC: square symbols) and field cooling (FC:
circular symbols). The inset shows an expanded view around the
superconducting transition of the as-synthesized sample. (b) The
magnetic susceptibility of the annealed sample.

Fig. 4 The magnetic moment of Li, (C;H;yN,), Fe,Se,

superconductor

and Liy 5 (CyHioNy D)o o Fe,Se, (T.=36. 7 KO, Tt
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is noted that the magnetic susceptibility curve
exhibits an upturn below 6 K , which may have
been caused by a small amount of magnetic

L9-1617] - Considering the

impurities in the sample
previous reports, it is found that the post-
annealing process can affect the T of the samples.
For example, the T, of Liy 5 (C;HiN; ) 42 Fe,Se,
prepared by the co-intercalation of alkali metal
lithium and 1, 2-diaminopropane increases from
36.7 K to 45 K after being annealed at 130 ‘C™,
Li, (CsHi Ny ), Fe,,Se, displays a

change of T. while being annealed at a different

Moreover,
temperature from 100 °C to 250 ‘CH1%. In order to
investigate the effects of annealing on the T., we
characterized the magnetic susceptibility of the
Li, (GHyNy), Fe; Se, after being post-annealing at 125
°C for 12 h. As shown in Fig. 4(b). the T, of the
annealed sample slightly increases to 39 K. The
change of T. of the as-obtained and annealed samples
could be assigned to a rearrangement and more
homogeneous distribution of 1, 3-diaminopropane in
the intercalated compound-”). Meanwhile, parameter ¢
of Li, (G;H;o Ny ), Fe; Se; has a little change after being
annealed, which would lead the interlayer coupling of
cooper pairs and the two-dimensionality in the
electronic structure to change, and thus affects the

) However,

superconducting transition temperature
the T, is significantly smaller than that of the annealed
Lig 56 (CsHgNy ) o Fe, Se, (T, =45 K ), which may
be due to the higher concentration of lithium ions in
the Lio s (CyHioN; o o FeySe, ™.

electron concentration

The increase in
increases the T. of the

181 And the superconducting

intercalation compounds
transition temperature of Liy s, (C3HioN; Do 5 Fey Sep
(CyHioN, refers to 1, 2-diaminopropane) is 37 K%',
which also proves that the electron concentration has a
certain influence on the superconducting transition
temperature, Compared to the Liy, 5
(C;HioNy o 2 Fe, Se,t ™, the decrease of the layer
spacing of the cause the

sample may also

superconducting transition temperature to be less
than Lig 3 (CsHigNy Do 2 FerSe,.

susceptibility at the normal state is positive,

The magnetic

indicating that the as-obtained and annealed samples
contain a small amount of ferromagnetic impurities
derived from Fe species extracted from the samples
during the intercalation process or impurity phase
induced by the heat treatment ') This behavior
has also been observed in A, (C; HgN,), Fe, ,Se, (A=
Li, Na) )™, A, (GH;N),Fe,,Se,"™  and
Lio. 36 (C.s Hiy N, )o. wFe; Sez o] .

Based on this newly synthesized sample, we have
expanded the class of FeSe-based superconductors.
The iron-molecular-based intercalation can enrich the
iron-based superconducting system and even the
materials of other systems to further improve the
superconducting properties. In addition, it also helps
to study the basic physics of iron-based high T,
superconductors, Although the sample can not yet be
used in actual life due to its sensitivity to air and
moisture, we should still prepare more valuable

samples,

3 Conclusion

In summary, we successfully synthesized a new
phase compound of Li, (C;H;(N,),Fe;Se, (G HoN,
refering to 1, 3-diaminopropane) by the two-step
process. The as-synthesized Li, (C; H;oN,), Fe;Se; has
a tetragonal crystal structure and a superconducting
transition temperature of 35 K. After annealing at 125
‘C for 12 h, the
temperature of Li, (C;HyN; ), Fe;Se, has slightly

superconducting  transition
increased from 35 K to 39 K, which is confirmed by
the magnetic susceptibility result. At the same time, it
is found that the crystal structure of the Li,
(CGHioNy ) Fe; Se; remains after annealing, which is
confirmed by the powder X-ray diffraction result.
Consequently, in this work, a novel FeSe-based
intercalated compound was synthesized and gives a
further understanding of alkali metal/alkaline earth
metal and organic amine solution co-intercalated FeSe

materials.
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