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Here we report on the structural and electronic phase diagram of lithium and ethylenediamine intercalated
FeSe in a wide range of dopant concentration (x = 0 ∼ 0.8). Undoped (C2H8N2)yFe2Se2 crystallizes in an
orthorhombic phase. With increasing lithium doping, an orthorhombic to tetragonal phase transition occurs at
x = 0.35, and the superconducting tetragonal phase persists until x = 0.5. Meanwhile, the Tc is found dependent
strongly on dopant concentration, raising rapidly from 30 K at x = 0.35 to 45 K at x = 0.5. The crystal
structures of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 are determined by using high-resolution neutron diffraction data
at 5, 60, 150, and 295 K, respectively. The distortion of the FeSe tetrahedron is enhanced significantly from
150 to 295 K, meanwhile, the normal-state Hall resistivity changes sign from negative to positive in the same
temperature range. The dominant hole carrier in electron-doped Li0.5(C2H8N2)yFe2Se2 above 230 K suggests
that the temperature-induced structure distortion may lead to a reconstruction of the Fermi surface topology and
the appearance of hole pockets.
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I. INTRODUCTION

In high -Tc unconventional superconductors, carrier dop-
ing is one of the principal routes to enhance supercon-
ductivity. For instance, whereas parent bulk compounds of
copper-oxide and iron-based superconductors are typically
nonsuperconducting and exhibit antiferromagnetic or spin-
density-wave order, superconductivity arises when the or-
dered phases are suppressed or destroyed by hole or elec-
tron doping into the parent compounds [1–6]. Similarly,
in the case of iron selenides, alkali metal ions and small
molecules can be intercalated into FeSe layers to form var-
ious electron-doped superconductors with significantly en-
hanced Tc, including AxFe2−ySe2 (A = K, Rb, Cs, and so on)
[7–11], Lix(NH2)y(NH3)1−yFe2Se2 [12], (Li0.8Fe0.2)OHFeSe
[13], and Lix(C5H5N)yFe2−zSe2 [14], etc. [15–17]. The super-
conducting critical temperature of FeSe can be dramatically
enhanced by intercalation of a spacer layer, and the Tc values
in those quasi-two-dimensional systems have been scaled
with the FeSe plane spacing [17–22], without considering the
influence of the carrier concentration and structural distortion.
On the other hand, the electron-doped iron selenides show
unique electronic structures without a hole pocket [23], which
raises the fundamental question of whether iron pnictides
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and chalcogenides have different pairing mechanisms, which
attracts intensive research interest.

In contrast to iron pnictides, where carrier doping con-
centration and superconductivity can be easily turned in a
wide range [2–6], manipulating carrier concentration in bulk
iron selenides represents a serious challenge. In the case of
KxFe2−ySe2, the superconducting phase without Fe vacancies
is always intergrown with an insulating antiferromagnetic
ordered phase [24], making it difficult to investigate the under-
lying physics in this system. The latter developed supercon-
ductors with an ammonia molecule spacer layer become more
appropriate platforms to study the interplay between carrier
doping [25], structure, and superconductivity in FeSe-derived
superconductors. This is because the FeSe layer is almost
intact (few Fe vacancies) with the incorporation of a molecule
layer. Recent studies have shown that larger organic molecules
can also be intercalated into β-FeSe along with alkali met-
als to form various superconductors [26–28]. These organic
molecules include pyridine [14], ethylenediamine [29–31],
diaminopropane [32], and diaminohexane [33,34], etc. By
summarizing a large amount of experimental data, the su-
perconducting transition temperature of molecule intercalated
FeSe is found closely correlated to lattice constant c, and a
dome like Tc − c phase diagram has been recently proposed
[17–21]. Meanwhile, the influence of the carrier concentration
and key structure parameters within the FeSe superconducting
layer are rarely addressed. The detailed structural and elec-
tronic phase diagram of bulk FeSe-derived superconductors
are still not fully understood, particularly for the systems with
larger molecular spacer layers.
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Here, we report our success in synthesizing Lix(C2H8N2)y

Fe2Se2 samples (x = 0 ∼ 0.8) by means of the solvent-
thermal method, which allows us to study the relationship
between superconducting transition temperature and the con-
centration of lithium. Both the crystal structures and super-
conducting transition temperature are found strongly corre-
lated with the dopant concentration, in particular, the su-
perconducting phase Lix(C2H8N2)yFe2Se2 (x = 0.35 ∼ 0.5)
provides a considerable range of tunable lithium concentration
and Tc. On the other hand, we observed a rare sign reverse
normal-state Hall resistivity in Lix(C2H8N2)yFe2Se2 above
230 K, indicating a temperature induced reconstruction of
the Fermi surface in electron-doped FeSe-derived supercon-
ductors. We further resolved the detailed crystal structures
of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 from 5 to 295 K. The
temperature induced structure distortion may be linked to the
hole pockets appearing at high temperatures.

II. EXPERIMENTAL

A. Sample synthesis

All manipulations were carried out in an argon-filled dry
box with an O2 and H2O content below 1 ppm. Tetragonal
Fe1+δSe was synthesized following the method described in
Ref. [35]. Anhydrous ethylenediamine (Sinopharm Chemical
Reagent, 99.0% purity) was purified following the method
in Ref. [36]. Polycrystalline Lix(C2H8N2)yFe2Se2 (x = 0,

0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8) samples were
prepared by the solvent-thermal method. In a typical syn-
thesis, 0.0045 moles of Fe1+δSe powder and a ratio of the
nominal mole Li pieces (Alfa Aesar, 99.9% purity) and 10-mL
ultra-dried ethylenediamine were placed in a silica ampoule
and then sealed. The ampule was heated at 473.15 K for 12 h
in an oven, followed by opening the ampoule in an argon-filled
dry box and thoroughly rinsing with fresh ethylenediamine
and evacuating remnant ethylenediamine in a vacuum envi-
ronment at room temperature. The synthesis yield dark black
crystalline powders are shown in the Supplemental Material
[37], which is sensitive to both air and moisture. Note of
caution: Ethylenediamine is a skin and respiratory irritant.
Unless tightly contained, liquid ethylenediamine will release
toxic and irritating vapors into its surroundings, especially on
heating.

B. Structure and composition characterization

X-ray powder diffraction patterns were used for the
purpose of phase characterization. Room-temperature power
x-ray diffraction (PXRD) spectra of nominal Lix(C2H8N2)y

Fe2Se2 (x = 0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8)
were collected by using a PANalytical X’pert Pro diffrac-
tometer with Cu Kα radiation (40 kV, 40 mA) and a graphite
monochromator in a reflection mode (2θ = 5 − 80◦, step =
0.017◦, and scan speed = 0.4s/step). Well-grounded powder
samples on glass slides were used to collect the diffraction
pattern. Phase characterizations were realized from powder
patterns using the PDF2-2017 database. Indexing of the
compounds were realized from the room-temperature
powder patterns using the DICVOL91program [38]. To
resolve the crystal structure, neutron powder-diffraction
(NPD) experiments were carried out in the NIST Center

for Neutron Research. High precision constant wavelength
NPD data (λ = 1.540 Å) were collected on a BT-1 powder
diffractometer that is equipped with a Cu 311 monochromator.
Data were collected over the 2θ ranges 5–160° with a step size
of 0.05° at 5, 60, 150, and 295 K, respectively. The crystal
structure of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 was then
determined by the ab initio structure determination method.
In order to solve this structure, C2H8N2 molecule and FeSe
layers were used as independent motifs in a simulated
annealing approach, in which a preliminary structural model
is built up with space group P-4 and then the Li position was
located by Fourier difference analysis. Rietveld refinements
were performed based on this initial structure model, the
lattice parameters, atoms positions, and the positions and
orientations of molecular fragments were subsequently
refined with the site occupancies constrained to the sample
composition during the refinement. During the refinements,
the peak profiles were modeled by Gaussian function, 15
polynomial parameters were used to model the background.
At last, the overall temperature factors were refined, which
leads to fine convergence of the refined data with weighted
profile factor (Rwp) in the range of 3.64 ∼ 4.86%

The sample composition was determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES).
The morphology of Li0.5(C2H8N2)yFe2Se2 shown in Fig. S1
was characterized by scanning electron microscope on a Hi-
tachi S-4800 microscope equipped with an electron micro-
probe analyzer. The organic molecule contents in the samples
were determined using thermal gravimetric analysis (TGA)
which were carried out using a Q600SDT thermal analyzer
under N2 atmosphere.

C. Magnetic susceptibility and resistivity

Magnetization and resistivity measurements were carried
out using a superconducting quantum interference device
PPMS-9 system (Quantum Design). Magnetic susceptibility
measurements were made in dc fields of 40 Oe in the temper-
ature range 10–300 K after cooling in zero applied field and
in the measuring field by packed powder. The superconduc-
tivity transition temperature Tc is determined from the onset
of diamagnetic response from magnetization. Magnetization
hysteresis loops of Li0.5(C2H8N2)yFe2Se2 at 10 and 60 K were
also measured by a vibrating sample magnetometer. To ensure
good metallic contact between the polycrystalline grains, the
resistivity and Hall measurement were conducted based on
cooled pressed samples that were further annealed at 150 °C
for 12 h. Temperature dependence of the resistivity ρ(T )
of Li0.5(C2H8N2)yFe2Se2 and Li0.45(C2H8N2)yFe2Se2 were
measured in a standard four-probe configuration, the applied
current density was 937 and 726 A/m2, respectively. The Hall
coefficient (RH ) of Li0.5(C2H8N2)yFe2Se2 was obtained by a
linear fit of ρxy and B from −9 to 9 T in the temperatures 50,
80, 110, 140, 170, 200, 230, 260, 280, and 300 K, respectively.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the PXRD patterns for nominal
Lix(C2H8N2)yFe2Se2 samples with x = 0, 0.1, 0.2, 0.3, 0.35,

0.4, 0.45, 0.5, 0.6, 0.7, and 0.8, respectively. The chemical
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FIG. 1. (a) Powder x-ray diffraction patterns of Lix (C2H8N2)y

Fe2Se2. (b) The enlarged view of (00l) peaks of Lix (C2H8N2)y

Fe2Se2. (c) Lattice parameters for the main crystalline phase
in each Lix (C2H8N2)yFe2Se2 sample measured at 298 K, Cu
Kα radiation, x = 0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7,

and 0.8. Arrows in (a) point to minor Li2Se impurities.

composition of the Lix(C2H8N2)yFe2Se2 samples as deter-
mined using ICP-AES and TGA are shown in Table I, which
indicates slight lithium loss during the reaction. The initial
diffraction pattern at x = 0 can be indexed in an orthorhom-
bic A-centered cell (α phase), with a = 3.856(4) Å, b =
3.882(4) Å, and c = 21.65(1) Å. The large c value indicates

that ethylenediamine molecules were successfully interca-
lated in between the FeSe layers. With increasing Li concen-
tration (0 < x < 0.35), the initial complex set of reflections
in the pattern rapidly diminished and were replaced by a new
much simpler set of reflections. From the magnified patterns
for (00l ) peak shown in Fig. 1(b), we found peak shifts
are not continuous with the lithium content below x = 0.35.
Instead, the original peak centered around 16.37° was directly
replaced by a new peak centered at 16.93°, indicating that the
Lix(C2H8N2)yFe2Se2 system entered into a two-phase region.
Moreover, the observed (hkl ) reflections changed from k +
l = 2n(x = 0) to h + k + l = 2n(x = 0.35), corresponding to
a fundamental change in Bravais lattice type from A-centered
orthorhombic to primitive tetragonal. A schematic view of
FeSe layers in A-centered orthorhombic phase (α phase) and
primitive tetragonal phase (β phase) are shown in Fig. 1(c),
wherein the adjacent FeSe layers have a 1/2 a slide along the a
direction and are not equivalent as in the primitive phase. With
a further increase in Li concentration up to 0.35, the initial
peaks were completely replaced by those of the new tetrago-
nal phase, with indexed lattice parameters a = 3.8352(6) Å,
c = 10.460(7) Å. Strikingly, the diffraction profiles of the
tetragonal phase persist up to x = 0.8, with minor impurity of
Li2Se appears with x > 0.5, suggesting the tetragonal phase
tolerates a considerable range of Li concentration between
x = 0.35 to 0.5, though it eventually decomposes at sufficient
high lithium concentration. The determined lattice parameters
of the main crystalline phase at different nominal lithium
concentrations were summarized in Table II and Fig. 1(c).
It should be noted that the significant reduction in the lat-
tice parameters of the unit cell between x = 0.1 and 0.2
shown in Fig. 1(c) corresponds to the volume contraction
between the orthorhombic and tetragonal phases. We also
note that lithium doping has a negligible influence on the
lattice parameters of the tetragonal phase, which may result
from the small ionic radius of lithium in comparison with
the cointercalated ethylenediamine molecule. The tunable
dopant concentration and almost invariant lattice structure
in tetragonal Lix(C2H8N2)yFe2Se2 (0.35 � x � 0.5) suggest
these compounds may serve as an ideal platform to investigate
the influence of carrier concentration on superconductivity in
intercalated FeSe systems.

Figures 2(a)–2(c) show the temperature dependence of
the magnetic susceptibility of the Lix(C2H8N2)yFe2Se2

TABLE I. Nominal compositions and the actual sample compositions characterized by ICP-AES and TGA.

Sample Nominal composition Composition by ICP-AES and TGA

1 Li0.1(C2H8N2)yFe2Se2 Li0.07(1)(C2H8N2)0.69(5)Fe1.94(2)Se2

2 Li0.2(C2H8N2)yFe2Se2 Li0.20(4)(C2H8N2)0.66(3)Fe2.09(2)Se2

3 Li0.3(C2H8N2)yFe2Se2 Li0.27(3)(C2H8N2)0.63(1)Fe1.94(2)Se2

4 Li0.35(C2H8N2)yFe2Se2 Li0.29(3)(C2H8N2)0.59(5)Fe2.07(2)Se2

5 Li0.4(C2H8N2)yFe2Se2 Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2

6 Li0.45(C2H8N2)yFe2Se2 Li0.32(3)(C2H8N2)0.55(2)Fe2.00(2)Se2

7 Li0.5(C2H8N2)yFe2Se2 Li0.36(4)(C2H8N2)0.56(2)Fe2.05(2)Se2

8 Li0.6(C2H8N2)yFe2Se2 Li0.41(4)(C2H8N2)0.57(2)Fe1.92(2)Se2

9 Li0.7(C2H8N2)yFe2Se2 Li0.45(5)(C2H8N2)0.57(2)Fe1.96(2)Se2

10 Li0.8(C2H8N2)yFe2Se2 Li0.63(6)(C2H8N2)0.52(1)Fe1.95(2)Se2
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TABLE II. Crystallographic parameters from indexing the main phase
of Lix (C2H8N2)yFe2Se2(x = 0 ∼ 0.8) based on PXRD data at 298 K.

Nominal composition
Lix (C2H8N2)yFe2Se2 Symmetry a(Å) b(Å) c(Å)
0 Amma 3.856(4) 3.882(4) 21.65( 1)
0.1 Amma 3.853(2) 3.889(3) 21.66(1)
0.2 P-4 3.834(1) 10.453(5)
0.3 P-4 3.8351(8) 10.470( 4 )
0.35 P-4 3.8352(6) 10.460(7)
0.4 P-4 3.836(1) 10.473(6)
0.45 P-4 3.8305(5) 10.461(3)
0.5 P-4 3.8333(5) 10.476(3)
0.6 P-4 3.829(2) 10.469(9)
0.7 P-4 3.829(1) 10.473(6)
0.8 P-4 3.829(1) 10.470(6)

samples. The zero-field-cooling (ZFC) susceptibility curve
for (C2H8N2)yFe2Se2 is shown in Fig. 2(a), indicating that
(C2H8N2)yFe2Se2 is paramagnetic without Li doping. This
observation is consistent with a recent result that stoichio-
metric LiOHFeSe is nonsuperconducting [39]. When the Li
concentration is higher than x = 0.2, sharp transitions from
normal state to superconducting state are observed at a tem-
perature range from 30 ∼ 45 K in all the measured samples,
consistent with the appearance of a tetragonal phase in the
same doping range. Several interesting phenomena can be
seen from Figs. 2(a)–2(c). One is that the Tc does not change
within the composition range 0.2 � x � 0.35,meanwhile, the
superconducting volume fraction increased. The phenomena
can be explained by the existence of a two-phase region
as shown in Fig. 1, as within this region, the lithium con-
centration x in the tetragonal phase is invariant and equal
to the superconducting end member Li0.35(C2H8N2)yFe2Se2

(Tc = 30 K). Another interesting phenomenon is that from
x = 0.35 to 0.5, the Tc start to correlate strongly with Li
composition, Tc increases 10 K from x = 0.35 to 0.4, after
which the Tc gradually converges to its maximum value at
45 K. Correspondingly, the dopant concentration becomes
tunable in the tetragonal phase in this doped range. The Tc

values then become invariant with x > 0.5, due to the decom-
position of Lix(C2H8N2)yFe2Se2 into Li2Se after reaching its
solution limits at x = 0.5. A superconducting phase diagram
of Lix(C2H8N2)yFe2Se2 (0 � x � 0.8) is shown in Fig. 3.

At the low doping content (x < 0.35), the nonsupercon-
ducting orthorhombic α phase coexists with the supercon-
ducting tetragonal β phase. The phase pure superconducting
Lix(C2H8N2)yFe2Se2 (β phase) can be obtained with 0.35 �
x � 0.5, in which the Tc varies continuously. Then, with
x > 0.5, Lix(C2H8N2)yFe2Se2 reaches its solution limits. In
contrast to the phase diagram of known intercalated FeSe-
based superconductors [17–21], where the discreet supercon-
ducting phases generally show no compositional freedom in
optimizing the dopant concentration and superconductivity,
the continuously tunable Tc in Lix(C2H8N2)yFe2Se2 represent
a rare bulk system that reproduced the superconducting dome
observed in potassium coated FeSe films [40]. Moreover, it
is previously believed that the FeSe plane spacing is directly
correlated to superconductivity [17–21], and the Tc values
in those intercalated FeSe systems have been widely scaled

with the FeSe plane spacing. The uncovered structural and
electronic phase diagram of Lix(C2H8N2)yFeSe strongly sug-
gests that instead of the FeSe plane spacing, carrier concen-
tration should be the key factor that eventually determines Tc.

Figure 4(a) shows the temperature dependence of the
magnetic susceptibility of the optimally doped sample
Li0.5(C2H8N2)yFe2Se2 with an external magnetic field of
40 Oe. The as-synthesized Li0.5(C2H8N2)yFe2Se2 shows a
diamagnetic transition at Tc up to 45 K with a consider-
able shielding fraction that reached 41% at 10 K in the
ZFC process, indicating bulk superconductivity. Further con-
firmation of superconductivity is shown in the right inset
of Fig. 4(a), which displays a typical magnetic hystere-
sis curve for a type-II superconductor. The divergence be-
tween the ZFC and FC curves and the small ferromag-
netic hysteresis above Tc perhaps are due to the presence
of a ferromagnetic impurity about 1 ∼ 2% weight of Fe,
it can be ascribed to the interstitial Fe in Fe1+δSe [41]
that reductively extruded in the reducing solution, as previ-
ously observed in Li0:6(1)(ND2)0.2(1)(ND3)0.8(1)Fe2Se2 [12].
Figure 4(b) shows the temperature-dependent electrical re-
sistivity for Li0.5(C2H8N2)yFe2Se2 from 10 to 300 K. Apart
from the metallic normal state below 240 K, the resistivity
shows a broad maximum around 250 K, which could be a
signature of a crossover from a semiconducting-like behavior
to a metallic behavior. The anomalous wide transitions are
also observed in Li0.45(C2H8N2)yFe2Se2, which is shown in
the upper left corner of Fig. 4(b). As shown below, this feature
may be associated with a change of carrier density, as the Hall
coefficients change sign at the same temperature range. At
much lower temperatures, a rapid decrease of resistivity was
observed around 43.5 K for Li0.5(C2H8N2)yFe2Se2, and zero
resistivity was reached at 30 K.

Next, we investigate the transport properties at normal
state. In the whole temperature region, the Hall resistivity
ρxy(μ0H ) of the Li0.5(C2H8N2)yFe2Se2 sample shows a rather
good linear relation against magnetic field up to 9 T [inset
of Fig. 4(c)]. The Hall coefficients RH = ρxy/μ0H at 9 T
are strongly temperature dependent [Fig. 4(c)]. The RH are
negative below 230 K and the absolute values decrease almost
continuously with increasing temperature. Finally, the RH

becomes positive at higher temperature, i.e., there is a sign
change above 230 K. It suggests the existence of two different
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FIG. 2. Magnetic susceptibility of Lix (C2H8N2)yFe2Se2 (x = 0
∼ 0.8) samples under ZFC. (a) x = 0, 0.1, 0.2, 0.3. (b) x =
0.35, 0.4, 0.45, 0.5. (c) x = 0.6, 0.7, 0.8. Inset: The enlargement of
the data around Tc. The three dashed lines are at M = 0 emu g−1 .

types of charge carriers in Li0.5(C2H8N2)yFe2Se2 and the
dominant carriers are of the electron-type at low temperatures
and become hole-type at high temperatures. The apparent car-
rier concentration nH (= 1/eRH = nh − ne, where nh and ne

are the carrier concentrations of hole and electron pockets) can
be obtained as 3.1 × 1021cm−3 at 50 K, a value comparable
to the nH of Lix(NH3)yFe2Se2 at 50 K [20]. Meanwhile, due
to the sign change of RH , the nH also changes its sign above
230 K and finally reached −1.1 × 1021cm−3 at 300 K. Previ-
ously, a77 Se, 7Li, and 1H nuclear magnetic resonance (NMR)
study of the Lix(C2H8N2)yFe2−zSe2 [42] reported strong tem-
perature dependence of the 77Se NMR shift and spin-lattice

FIG. 3. The superconducting and structural phase diagram of
Lix (C2H8N2)yFe2Se2 samples, wherein x represents the nominal
lithium content. The blue section represents the two-phase range,
with the nonsuperconducting orthorhombic α phase coexisting with
the superconducting tetragonal β phase at x < 0.35, while the β

phase coexists with Li2Se at x > 0.5, the purple section represents
the superconducting phase range, and the blue circles represent the
transition temperature Tc determined from the onset of diamagnetic
response from magnetization.

relaxation rate, 1/77T1. The phenomenon was attributed to
the hole-like bands moving close to the Fermi energy (εF ),
implying that hole bands may emerge in heavy electron-doped
Lix(C2H8N2)yFe2−zSe2 at high temperatures. It is well known
that the Fermi surface topology of heavy electron-doped FeSe
consists of only electron pockets at M points [23]. The signif-
icant sign reverse of RH observed here suggests at least one of
the hole pockets (α, β, and γ ) around 
 point has crossed εF

in Li0.5(C2H8N2)yFe2Se2 above 230 K. Besides the possible
reconstruction of the Fermi surface, the appearance of hole
pockets in Li0.5(C2H8N2)yFe2Se2 may also be related to the
change of chemical potential with elevating temperatures.
According to a recent temperature-dependent angle-resolved
photoemission spectroscopy (ARPES) study on FeSe1−xSx

[43], which found a substantial change of the kF values of
the hole and electron pockets, the observation is consistent
with a rigid shift of the chemical potential as a function
of temperature. Moreover, the increase of the hole Fermi
surface have also been reported in FeSe1−xSx with increasing
S concentration [44].

In our results in Lix(C2H8N2)yFe2Se2, serials of com-
pounds indicate that the superconductivity phase adopts a
tetragonal phase. We then determined the crystal structure of
superconducting Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 based on
neutron powder diffraction (NPD) data. As shown in Fig. 5,
constant wavelength NPD experiments were conducted using
the NIST BT-1 powder diffractometer. The relatively large
background of the NPD pattern indicates large incoherent
scattering from the H atoms in the sample. The crystal
structure of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 was resolved
by the ab initio structure determination method. For solving
this structure, the C2H8N2 molecule (large gray ellipsoid),
shown in Figs. 5(a) and 5(b), and FeSe layers were used
as independent motifs in a simulated annealing approach.
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FIG. 4. (a) Magnetization of Li0.5(C2H8N2)yFe2Se2. ZFC and
(FC measurement on Li0.5(C2H8N2)yFe2Se2. The inset shows the
magnetic hysteresis of Li0.5(C2H8N2)yFe2Se2 measured at 10 and
60 K in the range of −50 −50 kOe, respectively. (b) Temperature
dependence of the resistivity ρ(T ) of Li0.5(C2H8N2)yFe2Se2 at zero
field. The inset in the upper left corner shows the temperature
dependence of the resistivity ρ(T ) of Li0.45(C2H8N2)yFe2Se2 at zero
field. The inset in the lower right corner shows the enlarged resistivity
curves near Tc for Li0.5(C2H8N2)yFe2Se2. (c) Temperature depen-
dence of the Hall coefficient of Li0.5(C2H8N2)yFe2Se2 at μ0H = 9T ,
RH changes sign from negative to positive above 230 K, demon-
strating that the dominant hole carrier appeared above 230 K. Inset:
field dependence of the Hall resistivity ρxy at various temperatures.
The two dashed lines in (a) and (c) are at M = 0 emu g−1 and
RH = 0 m3/C, respectively.

FIG. 5. (a) The resolved crystal structure of
Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 at 295 K, and the C2H8N2

molecules are shown by a gray ellipsoid. Note that orientational
disorder of the molecules is present. The Fe, Se, Li, H, C, and N
atoms in the unit cell are represented by different colored balls.
(b) The simplified crystal structure is shown by omitting the
superimposed orientational disorder. (c) Refinement against NPD
data of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 at 295 K.

A preliminary structural model was built up with space
group P-4 and then the Li position was successfully located
by Fourier difference analysis. Finally, Rietveld refinement
was performed based on this structure model, with the site
occupancies constrained to the sample composition during
the refinement. The final Rietveld refinements produced an
agreeable fit to the diffraction pattern, with Rp = 3.92% and
Rwp = 4.86% at 295 K. As shown in Fig. 5(a), the intercalated
C2H8N2 molecules were centered on a 4h general site: (x, y, z)
and disordered over four diagonal orientations. In the resolved
structure model, two N-H bonds of about 1 Å in the C2H8N2

species were directed towards the selenide ions with H-Se
distances 2.810 and 2.893 Å, consisting of weak hydrogen
bonding interactions comparable to those found in related
lithium/ammonia intercalates in Li0.6(1)(ND2)0.2(1)(ND3)0.8(1)

[12] and Na0.39(C2N2H8)0.77Fe2Se2 [32]. Li ions were located
adjacent to the FeSe layers at sites (0, 1/2, z) (2g site), and
coordinated with four Se atoms with Li-Se bond lengths of
2.856 Å. The two Fe atoms were located at the 1a site:
(0, 0, 0) and the 1c site: (1/2, 1/2, 0), and the Se atoms were
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TABLE III. Chemical structure details of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 at different temperatures.

5 K 60 K 150 K 295 K
αSe−Fe−Se(◦) 106.150(2) 106.295(1) 106.293(2) 105.314(1)

111.157(2) 111.082(2) 111.084(2) 111.589(2)
dFe−Se( Å) 2.3933(19) 2.3916(25) 2.3931(29) 2.4122(29)
dSe( Å) 1.4378(32) 1.4344(43) 1.4353(49) 1.4632(50)
a( Å) 3.8266(2) 3.8275(3) 3.8298(2) 3.8355(3)
c( Å) 10.2483(9) 10.2611(12) 10.3239(8) 10.4590(15)
Rp 2.76% 3.17% 2.62% 3.92%
Rwp 3.76% 4.21% 3.64% 4.86%
Rexp 1.17% 2.02% 2.06% 2.03%
χ 2 10.3 4.32 3.12 5.71

located at the 2g(0, 1/2, z) site. A plot of the observed and
calculated intensities measured at 295 K are shown in Fig. 5(c)
and the refined structure parameters are listed in Table III.

To determine the evolution of crystal structure with
elevating temperatures, NPD data were collected for
Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 at T = 5, 60, 150, and
295 K. Figure 6 shows the observed, calculated, and
difference neutron-diffraction profiles below 295 K for
Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2, where the RH changed
sign. The patterns collected at 5, 60, and 150 K can all be
fitted very well by the room temperature structural model
in the space group P-4, and no structural phase transition
was observed between 295 and 5 K. The refined structural
and lattice parameters at 5, 60, 150, and 295 K are sum-
marized in Table III and atomic coordinates are shown in
the Supplemental Material [37]. The agreement factor Rwp
for refinement reached 0.0376, 0.0421, 0.0364, and 0.0486,
indicating the high quality of the fit. The temperature de-
pendence of unit-cell parameters a and c values, the Se-Fe-
Se bond angles, Fe-Se bond lengths, as well as the anion
height at the measured temperatures are plotted in Fig. 7.
The temperature-dependent lattice parameters exhibit an ex-
pansion with increasing temperature. From 5 to 295 K, the
thermal expansion behavior of lattice parameters are general,
with a increasing monotonically by 0.2%, whereas c by 2.0%.
The Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 has a highly distorted
FeSe tetrahedral as in bulk FeSe [46], the bond angles ∼
111.59◦ and anion height ∼ 1.46 Å at 295 K are larger
than most iron pnictides [47,48]. Meanwhile, as shown in
Figs. 7(b)–7(d), the thermal response of FeSe layers shows
interesting features that are different from the pristine FeSe.
For instance, both the Fe-Se bond length and the anion height
first keep almost invariant within the standard deviation, if not
decreased slightly, between 5 and 150 K. Then, these struc-
tural parameters increase significantly above 150 K. Similarly,
the two Se-Fe-Se bond angles also show a similar trend, sup-
porting that the structural distortion occurs mainly between
the temperature ranges from 150 to 300 K. The Hall measure-
ment reveals that the electron carriers persist until 230 K in
Li0.5(C2H8N2)yFe2Se2, then a drastic change of carrier type
occurs above 230 K, coinciding with the temperature range
when thermal expansion induced large structural distortion
within the FeSe conducting layers. These results suggest that
the correlation between structural distortion and electronic
structure may be responsible for the dominate hole carriers
that emerged in Li0.5(C2H8N2)yFe2Se2 at high temperatures.

The continuously tunable carrier concentrations and Tc

in tetragonal Lix(C2H8N2)yFe2Se2 represent a rare case in
currently known FeSe based superconductors; this finding

FIG. 6. Rietveld refinement against NPD data for Li0.31(3)

(C2H8N2)0.52(7)Fe2.03(2)Se2 at (a) 5 K, (b) 60 K, (c) 150 K. Upper
black cross: observed pattern; upper red curve: calculated pattern;
lower brown curve: difference between observed and calculated pat-
tern; lower green curve: the background; tick marks: Bragg positions.
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FIG. 7. Response of (a) lattice parameters, (b) anionic Se height, (c) Fe-Se bond length, and (d) Se-Fe-Se bond angles for
Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 to elevating temperatures at 5, 60, 150, and 295 K. Dashed lines are guides to the eyes. The FeSe crystal
structure in (c) and (d) is obtained from Ref. [45].

implies that the organic-intercalated FeSe superconductor is
an ideal platform to fine tune the carrier density and in-
vestigate the doping effect in FeSe-based compounds. The
undoped (C2H8N2)yFe2Se2 crystallizes in an orthorhombic
compound, which is nematic and nonsuperconducting. By
further doping Li, a phase transition occurs and the system
becomes tetragonal and superconductivity ensues. Hence, it
seems that the suppression of nematicity enhances supercon-
ductivity, similar to the observations in pressurized FeSe [49].
However, our previous results also showed that by doping Na,
the orthorhombic phase persisted at relatively high doping
concentrations with a Tc higher than 30 K [50]. A similar
orthorhombic compound at room temperature even becomes
superconducting at 46 K, with the orthorhombic distortion
factor more than two times larger than FeSe [32]. Additional
evidence that the suppression of nematicity is not crucial to
high Tc is demonstrated in the Fe(Se,S) system [51]; it is
known that by doping S, the nematic phase in FeSe is totally
suppressed at FeSe0.83S0.17, and the Tc only slightly enhanced
[43,52,53]. Based on those observations, we consider that in
intercalated FeSe systems, carrier doping plays a more impor-
tant role in enhancing Tc than suppressing nematicity does.

Another interesting finding is, although heavy electron-
doped FeSe samples are best known for their electron pocket
only Fermi surface topology [23], we probed a sign reverse
of Hall resistivity in Li0.5(C2H8N2)yFe2Se2 above 230 K,
and the finding is consistent with a previous NMR study

of Lix(C2H8N2)yFe2−zSe2 [42]. The appearance of a hole
pocket in heavy electron-doped FeSe may be helpful in
understanding the different Fermi surface topology between
electron-doped selenides [23,40] and pnictides [54]. Single
crystal samples of the Lix(C2H8N2)yFe2Se2 compounds are
crucial for further in-depth investigation of the electronic
structure and transport properties of this material. In order
to confirm and understand the possible appearance of hole
pocket at high temperatures in Lix(C2H8N2)yFe2Se2, ARPES
measurement at temperatures higher than 230 K would be
very helpful. More extensive temperature-dependent neutron
diffraction studies would also be helpful for investigating the
relationship between structure distortion and sign changes of
Hall resistivity.

IV. CONCLUSION

In summary, we are able to control the Li concentration
in the Lix(C2H8N2)yFe2Se2 bulk material within a wide dop-
ing region of 0 � x � 0.8. We have not only uncovered an
orthorhombic to tetragonal phase transition that occurs at
x = 0.35, but also identified a range (x = 0.35 ∼ 0.5) where
both lithium concentration and Tc can be continually turned.
Our uncovered structural and electronic phase diagram of
Lix(C2H8N2)yFe2Se2 strongly suggests that instead of the
FeSe plane spacing, carrier concentration should be the key
factor that eventually determines Tc. We determined the crys-
tal structure of Li0.31(3)(C2H8N2)0.52(7)Fe2.03(2)Se2 at 5, 60,
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150, and 295 K, respectively. It was found that the distortion
of the FeSe tetrahedron was enhanced from 150 to 295 K,
and at the same time, the normal-state Hall resistivity changes
sign from negative to positive, suggesting the dominant car-
riers become holes above 230 K. The finding indicates that
the temperature induced structure distortion may leads to a
reconstruction of the Fermi surface and appearance of hole
pockets in electron-doped Li0.5(C2H8N2)yFe2Se2.
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