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Superconductivity with transition temperature 7c above 40 K was observed in protonated FeSe (H,-FeSe) previously
with the ionic liquid EMIM-BF, used in the electrochemical process. However, the real superconducting phase is not clear
until now. And detailed structural, magnetization, and electrical transport measurements are lacking. By using similar
protonating technique on FeSe single crystals, we obtain superconducting samples with 7. above 40 K. We show that the
obtained superconducting phase is not Hy-FeSe but actually an organic-ion (C¢H; lN;r referred to as EMIM T )-intercalated
phase (EMIM),FeSe. By using x-ray diffraction technique, two sets of index peaks corresponding to different c-axis lattice
constants are detected in the obtained samples, which belong to the newly formed phase of intercalated (EMIM),FeSe
and the residual FeSe, respectively. The superconductivity of (EMIM),FeSe with T of 44.4 K is confirmed by resistivity
and magnetic susceptibility measurements. Temperature dependence of resistivity with different applied magnetic fields
reveals that the upper critical field H,; is quite high, while the irreversibility field H;,, is suppressed quickly with increasing
temperature till about 20 K. This indicates that the resultant compound has a high anisotropy with a large spacing between

the FeSe layers.

Keywords: FeSe, iron-based superconductor, electrochemical intercalation

PACS: 74.70.Xa, 74.25.—q, 74.72.Ek, 82.45.Aa

1. Introduction

Iron-based superconductors have attracted vast interest
in condensed matter physics and material science since it
was discovered in 2008.!!l Among iron-based superconduct-
ing materials, the compound FeSe was reported to have the
simplest structure with a critical transition temperature (7t) of
about 8 K at ambient pressure, > which is constituted by edge-
sharing FeSe4-tetrahedra layers stacking along the c-axis. By
applying high pressures, a dome-shaped superconducting re-
gion with rich physics appears, and its 7, was enhanced up to
36.7 K at 8.9 GPa.[>* Due to the lack of charge carrier reser-
voir layers, it is natural to dope carriers into the FeSe planes
by intercalation in order to increase its transition temperature.
Intercalating guest elements or composites into adjacent FeSe
layers is the most common way to achieve that goal.

In the beginning, the alkali metals were intercalated into
FeSe by solid state reactions, through which A,Fe;_,Se; (A =
K, Rb, Cs, TL, x < 1, y < 1) were synthesized with 7, around
32 K.I5%1 However, in order to satisfy the charge balance,
phase separation occurs in the body of the material, leading
to the coexistence of superconducting phase A,Fe; ,Se; and
antiferromagnetic insulating phase A;Fe4Ses.!!%-13] This pro-
hibits a thorough and systematic investigation of the physical
properties in those materials. Thus, it is necessary to have a
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low-temperature technique to prepare intercalated FeSe-layer
materials. Due to the special character of dissolving multi-
ple metals, liquid ammonia could help to insert not only al-
kali metals (Li, Na, K, etc.), but also alkali-earth metals (Ca,
Sr, Ba) and rare-earth metals (Eu, Yb) into the FeSe bulk

[14-17] These metals are co-inserted with liquid am-

samples.
monia molecules, thus the inserted molecules are closer to be
neutral in charge comparing with the alkali metal ion with va-
lence state of 41, the former causes relatively complete FeSe
planes with a significant increase of the c-axis lattice con-
stant. And the highest T; of 46 K was reached among this
series of superconductors.'*! Although a large increase of T,
was realized, the chemical activity of intercalating compos-
ites between the adjacent FeSe layers made those materials
extremely unstable in air. Using the hydrothermal technique
and improved hydrothermal ion-exchange process, [!3-2% a sta-
ble compound Li;_,Fe,OHFeSe with an ordered guest-layer
Li;_,Fe,OH was prepared with T, up to 42 K.[?] Besides
the inorganic molecules which are co-inserted with metals,
organic molecules could also be intercalated into FeSe, [21-28]
producing a series of superconductors with different c-axis lat-
tice parameters. Due to the varying size of organic molecules,
such as CsHsN7 (HzN)CnHzn(NHz), and C,1H2n+3N (I’l = 6, 8,
18),[2124.281 the interlayer spacing could be largely stretched
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to a certain degree, and the largest c-axis lattice parameter of
55.7 A was achieved in Li,(ODA),Fe;_,Se with T; of about
42 K.128]

Besides plenty of researches about alkali metals co-
inserted with inorganic or organic molecules into FeSe,
some new superconductors were also discovered simply
by intercalating organic composites, forming for example
(CHgN,),FeSe.?! This may pave a new way to synthe-
The in-
tercalation of C,HgN, in FeSe made c-axis lattice parame-
ter expanded up to 21.700(6) A. Moreover, two other differ-
ent organic ions, cetyltrimethyl ammonium (CTA™) and tetra-

size intercalated FeSe derivative superconductors.

butyl ammonium (TBA™),[3031 were successfully inserted
into FeSe through electrochemical intercalation. It has been
found that these two kinds of organic-ions intergrown with
FeSe formed a bulk superconductivity showing 7. of 45 K
and 50 K, with c-axis lattice parameter expanded up to 14.5 A
and 15.5 A, respectively. Through the similar method, a new
derivative of FeSe, the so called protonated FeSe (H,-FeSe),
was discovered with T of 41 K,32 in which the existence
of hydrogen was indicated by nuclear magnetic resonance
(NMR) measurements. But it is unclear what is the real su-
perconducting phase, and studies on the detailed structure and
physical properties are lacking up to now.

In this work, we give detailed investigation on the above
material, named as protonated FeSe, obtained through the
same method and interactant, 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIM-BF;), as reported by Cui et al.[3]
According to the x-ray diffraction (XRD) measurements, we
show that the title compound has a highly expanded c-axis
constant, thus we conclude that the relevant phase is not
Hy-FeSe, but rather another organic-ion-intercalated FeSe
[(EMIM),FeSe]. The T; of this new FeSe-based supercon-
ductor is 44.4 K, as evidenced by the results of tempera-
ture dependent magnetic susceptibility and resistivity mea-
surements. Note that our intercalated (EMIM),FeSe samples
are also not very stable in atmosphere, very similar to the
(TBA)g3FeSe, !l and after a few days it will degrade back
to the pristine FeSe with T; of about 8 K.

2. Experimental details

The schematic experimental setup of the electrochemi-
cal intercalation experiment is illustrated in Fig. 1(a).’?! As
shown in the illustration, the positive and negative electrodes
made of platinum are placed in an ionic-liquid container. Then
this device is put into a heating mantle to maintain a certain
temperature during the electrochemical process. The FeSe sin-
gle crystal grown by means of chemical vapor transport tech-
nique is attached on the negatively charged electrode by silver
paste, 3334 while positive electrode Pt wire is placed right op-
posite to it. After loading the FeSe single crystal on the elec-

trode, we add ionic liquid into the container till the sample is
completely immersed. During the electrochemical process, a
constant voltage of 4 V is applied and the temperature of the
heating mantle is set to 355 K. After about three days of elec-
trochemical reaction, the intercalated FeSe crystal is removed
from the electrode and various measurements are taken after
cleaning the silver paste and some residual reactants on the
sample surface.

The XRD is conducted on a Bruker D8 Advanced diffrac-
tometer with the Cu K, radiation at room temperature. The
temperature dependent resistivity is measured by a physical
property measurement system (PPMS-16 T, Quantum Design)
through the typical four-probe method in different magnetic
fields. The temperature dependent magnetic susceptibility is
measured by Quantum Design PPMS with vibrating sample
magnetometer (VSM), while the magnetic field is applied par-
allel to the c-axis of the sample.

3. Results and discussion

Figure 1(b) shows the XRD patterns of pristine FeSe sin-
gle crystal and intercalated FeSe after the electrochemical re-
action. No matter before or after the experiment, the sam-
ple remains having good crystallinity. Hence, the XRD pat-
terns show an obvious c-axis orientation and all peaks are
indexed perfectly as (00/) on the basis of tetrahedral struc-
ture. The black solid line represents a series of (00/) peaks of
FeSe single crystal, which indicates a c-axis lattice parame-
ter of 5.52 A. Meanwhile, the red solid line contains two sets
of peaks. One set of them shows the same diffraction peaks
as the black line, belonging to the residual FeSe of the sam-
ple. The other set represents a new phase, which has a larger
c-axis lattice parameter. The Miller indices (00/) in Fig. 1(b)
are assigned on the basis of a primitive tetragonal structure
with the space group of P4/nmm, in which the c-axis lattice
constant is 10.45 A. While taking the space group of body-
centered tetragonal /4/mmm, only even values of h+k -+ can
appear in accordance with the extinction rule, and the c-axis
lattice constant should be 20.88 A. However, the precise sym-
metry needs more experiments to identify. Such an obvious in-
crease of the c-axis lattice parameter suggests that some kind
of molecules with big size has been inserted into the sample
in the experiment and the spacing between adjacent FeSe lay-
ers is expanded. Considering the fact that the pristine FeSe is
held on the negative electrode, we intend to conclude that the
inserted molecules are most likely organic ions EMIM™ from
the ionic liquid. The schematic structure of this new phase is
shown in Fig. 1(c). Considering the finite size for three dimen-
sions of the organic ions, they probably arrange themselves
with a specific orientation between the adjacent FeSe layers as
shown in Fig. 1(c). However, this needs further verification by
determining the internal structure.

107402-2



Chin. Phys. B

Vol. 30, No. 10 (2021) 107402

Q m\\ P 2o /(
(0 TAIAY |
P <
Q Q. 0
6.9 6 9 Fe
gAgbgte
C
ADAQ—Q‘{H
Q. Q. 0. I+
g;ﬁ f‘g’l&f‘ g
—— FeSe | ) T
— intercalated FeSe |
N
'S
I
° ©
g < S — {8 |
% = = I I 3
= — ' g F
s ERNE
N e N
S
1
1~ (x0.4)
20 40 60 80

26 (%)
Fig. 1. (a) An illustration of the device for the electrochemical reaction.
(b) XRD patterns of FeSe single crystal and intercalated FeSe. The
Miller indices of the intercalated phase are colored by red, and those of

FeSe phase are colored by black. (c) The schematic crystal structure of
(EMIM),FeSe.

The temperature dependences of magnetic susceptibility
and resistivity have been measured, and the results are shown
in Fig. 2. It is worth mentioning that two samples from the
same batch were used for the magnetic and transport mea-
surements since the quality of the samples degraded quickly in
the transfer process between two types of measurements. Fig-
ure 2(a) exhibits the temperature dependent magnetic suscep-
tibility (y—T curve) of intercalated FeSe, which is measured in
zero-field-cooled (ZFC) and field-cooled (FC) modes with an
applied magnetic field of 3 mT. The magnetic screening vol-
ume calculated from the ZFC data is about 437% comparable
to the value reported previously in the similar systems,39-3?1
which is larger than 100% as the demagnetization effect has
not been taken into account. A sharp transition shows up at
about 40 K in the YT curve, demonstrating the emergence of
superconductivity. Note that the T, of FeSe is around 8 K, !
but this superconducting transition is not visible in the y—
T curve. The contradiction between XRD patterns and y—T'
curve may be explained in the following way. One possible
reason for the appearance of two phases in the XRD patterns
is that the freshly intercalated sample is extremely unstable
and some part of the sample with high 7. has degraded into
the FeSe phase. It is found that, after exposing samples in
air for some time, the content of the phase with high T; su-
perconductivity reduces and finally disappears, as revealed by
XRD patterns and magnetizations, at the meantime the compo-
nent of the FeSe phase increases. The time needed for prepar-

ing the magnetization and XRD measurements is different. In
measuring the magnetization, the sample is quickly put into
the sample chamber and cooled down, thus more and even
complete content of the high 7. phase is sustained. However,
the XRD measurements are conducted under ambient environ-
ment, usually for hours, during this process the sample which
is supposed to be mainly composed by the high T, phase will
degraded, and some part will become FeSe. Thus, it is easy
to understand the absence of the magnetization drop at about
8 K for FeSe for the freshly intercalated sample, but there are
always two phases showing up in the XRD patterns. In order
to check this scenario, we have measured temperature depen-
dence of magnetization for samples with different durations
after exposing to air. The results are shown in Fig. 5. Here we
show the magnetization of a freshly intercalated sample with
mainly the high 7; phase, and that after a long time exposing in
air. One can see a clear evolution of the high T;. phase to FeSe.
Thus for investigating the properties of the high 7, phase, the
magnetization measurement must be done quickly after the in-
tercalated samples are obtained. Figure 2(b) presents the tem-
perature dependent resistivity under zero magnetic field with
a current of 100 pwA. There is a dramatic decrease of resistiv-
ity at 44.4 K, which is roughly consistent with the 7. obtained
from the y—T curve. The resistivity reaches zero at 38.5 K.

T T T T
oF (a) -
—e— ZFC
—1F —— FC A1
k>:< _ot poH =3 mT |
<
73— -
s i
1 1 1 1
0 15 30 45 60 75

20 Tonset = 44.4 K ]

15

10

p (mQ-cm)

0 10 20 30 40 50 60 70
T (K)

Fig. 2. (a) Temperature dependent magnetic susceptibility of interca-
lated FeSe single crystal measured in ZFC and FC modes under a mag-
netic field of 3 mT. (b) Temperature dependent resistivity under zero
magnetic field.

In order to check the magnetic characteristics of the in-
tercalated crystals, we have measured the temperature depen-
dent magnetic susceptibility of intercalated FeSe in ZFC and
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FC modes at different fields (M-T curves), and the results are
shown in Fig. 3(a). At low fields, the ZFC curves show a trend
of saturation. With increasing external magnetic fields, the
magnetization value of the ZFC curve at low temperature is
suppressed, which corresponds to the decrease of the magnetic
screening volume. The inset of Fig. 3(a) shows the enlarged
view of M—T curves near the transition. The deviation point
of the ZFC and FC curves can be defined as the irreversible
temperature T in the external fields, and the T7j, decreases
quickly with increasing applied magnetic field. The tempera-
ture dependence of irreversibility field Hy(T) (M-T) of inter-
calated FeSe is shown in Fig. 4(b). Figure 3(b) shows the mag-
netization hysteresis loops (MHLs) at 3.5 K and 10 K, respec-
tively. The MHLs show a typical magnetic hysteresis behavior
of type-II superconductors. The width of MHL measured at
3.5 K is much wider than that at 10 K, and the AM of MHLs at
low temperatures are comparable to those of other iron-based
superconductors, like (Li;_Fe,)JOHFeSe, >3] which indicates
the good vortex pinning of our samples.

M/H (emu/Oe-cm3)

2000F —w 35K (b) |

M (emu/cm?)

—20001 A

1 1 1 1 1
-9 -6 -3 0 3 6 9
poH (T)

Fig. 3. (a) Temperature dependent magnetic susceptibility of interca-
lated FeSe single crystal measured at different magnetic fields. Inset
shows the enlarged view of the M-T curves near the transition. (b) Mag-
netization hysteresis loops (MHLSs) of intercalated FeSe single crystal
at 3.5 Kand 10 K.

Figure 4(a) displays the temperature dependent resistiv-
ity of another intercalated FeSe sample under different ap-
plied magnetic fields with a standard four-probe method. As
we can see, the onset transition temperature T; of intercalated
FeSe is rather stable under external magnetic fields. In con-
trast to this, the zero-resistance temperature 7; decreases very
fast with increasing magnetic fields, which is analogous to
the situation of the M-T curves. Figure 4(b) gives the H-

T phase diagram of the intercalated FeSe. The upper critical
field H,, and the irreversibility field Hj, as a function of tem-
perature are obtained from the resistivity and magnetic sus-
ceptibility data. The H., is obtained by using the criterion
of 95%pn(T) in p-T curves, and the Hy,(p — T) is deter-
mined by using the criterion of 0.2%p,(T), respectively. It
can be seen that the H,, shows a rather steep increase with
lowering temperature, indicating a quite high upper critical
field at zero temperature. The temperature dependence of
WH(T) exhibits an almost linear behavior near 7., which
gives rise to a slope of dugHy,/dT = —2.17 T/K. Thus
the upper critical field at zero temperature calculated by the
Werthamer—Helfand—Hohenberg (WHH) formula poHe, (0) =
0.697;|dioHco/dT|;, is about 66.48 T.5¢I According to the
Ginzburg-Landau theory and Pippard formula, it is known that
LoHe ~ (n®o/21%) (A/vg)* with &y the flux quanta, A the
superconducting gap, and Vg the Fermi velocity. Thus, high
value of H¢(0) reflects a strong pairing gap. On the contrary,
the irreversibility field H;, decreases quickly with increasing
temperature till about 20 K. Above 20 K, the H;;; drops slowly,
leading to a wide region between the Hi,(T) and He(T). It
is known that above Hj,(T) there is finite dissipation, thus a
wider region of vortex liquid is observed comparing with the

e.37] This broadening of superconducting transi-

original FeS
tion is similar to other two-dimensional superconductors, such
as Lij_Fe,OHFeSe,*! which suggests a large spatial dis-
tance between FeSe layers and a quite high anisotropy of in-
tercalated FeSe samples. And then the Hi.(p — T') is fitted by

the melting line of flux line lattice (FLL)!3%!

t b2 [4(v2-1)
(1;)1/21—b<(1b)‘/2+1 =a, )

with t = T /T, b = H/H,, which is deduced from the Lin-
dermann criterion.*”) The parameter « is given by the for-
mula o =27 (eMz/M )_1/ 22, with the Lindermann number
¢~ 0.15-0.25 and € = 167°k* (kg T..)* / D3 HY,, in which K is
the Ginzburg-Landau parameter. The mass ratio (Mz/M) /2
becomes larger as the spacing distance between FeSe layers
increases, where M7 is a quasiparticle effective mass along the
c axis and M describes the mass in the FeSe planes. The op-
timal result of o¢ = 0.33 is obtained by fitting H;(T) data.
In the fitting process, the parameter k in high-7; supercon-
ductors usually takes a large value like k¥ = 100, such as
when it equals to 95, the Hy(T) data of Bip,SryCaggCu,Os
could be well fitted by the melting criterion.[*8] Thus, we
take a general value of k¥ = 100 as the intercalated FeSe is
a high-7; superconductor (7 = 44.4 K). By substituting the
H»(0), T, and ¢ = 0.2 into the formula of a, we get the
mass ratio (Mz/M )1/ %2 A 44.5, which is comparable with the
value of a quasi-two-dimensional (quasi-2D) superconductor
Bi; »Sr,Cag gCurOg [(MZ/M)I/2 = 60],1%%! and much larger
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than that of 1.82 in FeSe,*’! 11 in (Li;_,Fe,)OHFeSe single
crystal,!*%! further proving the high spatial anisotropy of the

sample.
Bl
o
G
E
Q
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70
T (K)
10 T T
(b)) A B roHe
A A 1oHi(p—=T)
o V' oHin(MT)
E 5F v A fitting curve b
) fitting curve
3
vV A
Vo e
o V TR A ATy
20 40
T (K)

Fig. 4. (a) Temperature dependent resistivity under different applied
magnetic fields. (b) H-T phase diagram of the intercalated FeSe. Black
squares represent the upper critical field He,(T) data. Blue (magenta)
symbols represent the irreversibility field Hi.(7) obtained from the
temperature dependent resistivity (magnetic susceptibility) data. The
red and green solid lines show the fitting results of He, (T') and Hi(T),
respectively.

Figure 5 shows the degradation situation of the interca-
lated FeSe sample. The magnetization measurements are con-
ducted at a freshly intercalated sample mainly composed by
the high T;. phase, and the same one after a long time exposing
in air as shown in Fig. 5(a). The black squares show the re-
sults of magnetization measurement for the intercalated sam-
ple. One can clearly see a sharp superconducting transition
at about 40 K, which is associated to the intercalated phase.
At the meantime, the ZFC curve also drops a little at 8 K,
which might be caused by the partial degradation of the sam-
ple. After exposing the sample in air for a long time, only
the transition at 8 K is seen, which corresponds to the super-
conducting transition of FeSe, suggesting that the intercalated
phase has degraded back to FeSe. Meanwhile, we also mea-
sure the XRD patterns after the magnetization measurements.
As shown in Fig. 5(b), the XRD patterns of the freshly interca-
lated sample indicate that there are two phases with different
c-axis lattice parameters. However only FeSe phase remains
after a long time exposing the sample in air. The simultaneous
disappearance of the high-7; superconducting phase and the
XRD patterns with larger lattice parameter further proves that

the high T. of the freshly intercalated sample is attributed to
the intercalation of organic cations.

O - -
(a)
o —1F .
&
g —a— intercalated
o —2r —e— degraded 1
=
3t i

1
0 10 20 30 40 50 60 70
T (K)

\ A T T T

(b)

intercalated
degraded

intercalated phase -
v FeSe

r *

Intensity

20 (°)
Fig. 5. (a) Temperature dependent magnetic susceptibility of a freshly
intercalated sample and the one after degradation, which is measured in
ZFC and FC modes with an applied magnetic field of 1 mT. (b) XRD
patterns of the freshly intercalated and degraded phases. The peaks
marked by star belong to the intercalated phase, and the rest marked by
down-triangle belong to the FeSe phase.

4. Conclusions

We report superconductivity with transition temperature
1. above 40 K by electrochemically reacting FeSe with the
ionic liquid of EMIM-BF,. This phenomenon was recently re-
ported as a process of protonating the FeSe crystals, but it was
not clear what is the real superconducting phase. By doing
x-ray diffraction measurements, we find a new set of diffrac-
tion peaks arising from the intercalated samples, these newly
emergent peaks coexist with those of residual FeSe. We con-
clude that the newly emergent superconducting phase is the
organic-cation (C¢H{NT, EMIM™)-intercalated FeSe phase,
namely, (EMIM),FeSe. Our results rule out the possibility that
the high temperature superconducting phase is the simple pro-
tonated one Hy-FeSe. We also find that the upper critical field
H,, is quite high, indicating a strong pairing potential. While
the irreversibility field Hj, is suppressed quickly with increas-
ing temperature, showing a large region of vortex liquid in the
phase diagram. By fitting the irreversibility line to the vortex
melting formula deduced from the Lindermann criterion, we
get a quite large mass ratio (Mz/M) 1/2 ~ 4.5, which is much
larger than the value of FeSe and (Li;_,Fe,)OHFeSe single
crystal. This also supports that the resultant material should

107402-5



Chin. Phys. B Vol. 30, No.

10 (2021) 107402

be highly anisotropic, as expected for a system with a large

spacing between the FeSe layers.
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