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Heavy electron-doped FeSe-derived materials have attracted attention due to their uncommon electronic struc-
tures with only ‘electron pockets’, and they are different from other iron-based superconductors. Here, we report
the crystal structures, superconductivities and normal state properties of two new Li-doped FeSe-based materials, i.e.,
Li0.15(C3H10N2)0.32FeSe (P-4) and Lix(C3H10N2)0.32FeSe (P4/nmm, 0.25 < x < 0.4) with superconducting transition
temperatures ranging from 40 K to 46 K. The determined crystal structures reveal a coupling between Li concentration and
the orientation of 1,3-diaminopropane molecules within the largely expanded FeSe layers. Superconducting fluctuations
appear in the resistivity of the two superconductors and are fitted in terms of the quasi two-dimensional (2D) Lawrence–
Doniach model. The existence of a crossing point and scaling behavior in the T -dependence of diamagnetic response also
suggests that the two superconductors belong to the quasi-2D system. Interestingly, with the increase of temperature, a
sign of Hall coefficient (RH) reversing from negative to positive is observed at ∼ 185 K in both phases, suggesting that
‘hole pockets’ emerge in these electron-doped FeSe materials. First principle calculations indicate that the increase in FeSe
layer distance will lift up a ‘hole band’ associated with dx2−y2 character and increase the hole carriers. Our findings suggest
that the increase in two dimensionalities may lead to the sign-reversal Hall resistivity in Lix(C3H10N2)0.32FeSe at high
temperature.

Keywords: superconductor, Lawrence–Doniach model, dimensionality
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1. Introduction
The Fermi surface (FS) topology has been considered as

a key ingredient in understanding the mechanism of the iron-
based superconductors (SCs). As revealed by angle-resolved
photoemission spectroscopy (ARPES) and band structure cal-
culations, the superconductivity and normal state of Fe-based
SCs are governed by their electronic structure involving the
Fe 3d orbitals crossing the Fermi energy. In iron-pnictide
materials, the electronic structure usually consists of hole
pockets near the Brillouin zone center (Γ point) and elec-
tron pockets near the Brillouin zone corners (M point).[1]

The electron scattering between the electron and hole pock-
ets gives rise to a sign-reversed s-wave pairing,[2,3] as pro-
posed by the spin-fluctuation-mediated s± pairing theory. As
for the iron-selenide superconductors, experimental evidence
suggests quite a similar pairing mechanism for the bulk FeSe
and Fe(Te,Se).[4,5] However, the discovery of heavily elec-
tron doped (HED) FeSe-based SCs, including AxFe2−ySe2

(A = K, Rb, Cs, Tl),[6,7] monolayer FeSe thin films grown

on SrTiO3,[8] and the recently discovered (Li, Fe)OHFeSe
(FeSe-11111),[9–11] raise a challenge to the aforementioned
pairing mechanism. Based on the extensive investigation of
ARPES[7,9,12] and STM,[13] it is now widely accepted that the
‘hole pockets’, which are crucial in the above pairing mecha-
nism, do not exist in these superconductors.

Without electron doping, FeSe is a typical compensated
semimetal with its FS consisting of both hole and electron
bands.[1,12] In fact, the Hall coefficient of bulk FeSe changes
sign several times with rising temperature.[14] A notable fea-
ture of this compound is that it undergoes a ‘nematic’ struc-
tural transition at Ts ∼ 87 K, below which the Fermi sur-
face is still comprised of hole bands, but the Hall resistiv-
ity becomes negative.[12] High pressure can depress the ne-
matic phase and significantly increase the Tc of pristine FeSe
from 8 K up to 37 K.[15,16] Meanwhile, Sun et al. recently
reported that the normal-state Hall resistivity of FeSe also
changed sign from negative to positive under high pressure,[17]

demonstrating enlarged hole pockets and enhanced interband
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spin fluctuations, similar to the observations in high-Tc pnic-
tide systems. However, the FS topology of FeSe-based mate-
rials is dramatically changed when sufficiently high electron-
doping (∼ 1021/cm3) is introduced, leading to an uncommon
FS consisting of only ‘electron pockets’.[7,8,10] Unlike the sce-
nario on FeSe, subsequent Hall resistivity measurements on
AxFe2−ySe2 and (Li,Fe)OHFeSe,[18–21] indicates neither the
elevating temperature nor applied extremely high pressure will
lead to sign reversal of Hall coefficient, indicating that in
these materials the ‘hole bands’ are far below the Fermi en-
ergy. Meanwhile, a sign reversal of Hall resistance with tem-
perature rising was observed in few-layered FeSe film de-
posited on SiTO3 substrate,[22] suggesting the ‘hole pockets’
reemerged in electron-doped few-layered FeSe films. Con-
sidering the difference in response of Hall resistance between
bulk AxFe2−ySe2 or (Li,Fe)OHFeSe material and few-layered
FeSe film, it may suggest that the sign change of the Hall con-
stant can be related to the decrease of dimensionality. To an-
swer that question, it is significant to investigate the crystal
structures and temperature-dependent hall resistivities of an-
other family of quasi-2D FeSe superconductors, i.e., the FeSe
intercalated by large organic molecules.

In this study, we report the crystal structures, super-
conductivities and Hall s of 1,3-diaminopropane molecular
intercalated FeSCs, Lix(C3H10N2)0.32FeSe (x = 0.15, 0.2 ∼
0.4). Our results demonstrate that the two new high-Tc su-
perconducting phases with FeSe layer distance extended up
to ∼ 10.9 Å. Further fitting to the resistivity in terms of the
Lawrence–Doniach model and the results of T -dependent dia-
magnetic responses suggest that the superconductivities in the
two compounds possess obvious quasi-2D characteristics. In-
terestingly, a sign of Hall coefficient (RH) reversing from nega-
tive to positive is observed at ∼ 185 K in both superconducting
phases with temperature increasing, whether their symmetries
and doping levels are different or not. First principle calcu-
lations reveal that the increase in FeSe layer distance will lift
up a ‘hole band’ associated with dx2−y2 character, and signifi-
cantly increase the hole carriers around Γ point.

2. Experimental method
All sample manipulations were carried out in an argon-

filled dry box with an O2 and H2O content below 1 ppm.
Tetragonal Fe1+δ Se was synthesized following the method
described in Ref. [12]. Anhydrous 1,3-diaminopropane (1,3-
DIA) (Sinopharm Chemical Reagent, 99.0% purity) was pu-
rified following the method in Ref. [23]. Polycrystalline
Lix(C3H10N2)yFeSe (x = 0.15, 0.2, 0.25, 0.4, 0.6) samples
were prepared by the solvent-thermal method. In a typical
synthesis, 0.0045-mole Fe1+δ Se powder, nominal-mole-ratio
Li pieces (Alfa Aesar, 99.9% purity) and 10-mL ultra-dried
1,3-diaminopropane 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 1,3-diaminopropane. Fi-
nally, the solvent was removed under vacuum, and the dark
black product was loaded into the measurement cell for char-
acterizing the structure and physical properties.

The x-ray powder diffraction patterns were used for the
characterizing the phase and structure solution. Room tem-
perature power x-ray diffraction (PXRD) spectra of nominal
Lix(C3H10N2)yFeSe (x = 0.15, 0.2, 0.25, 0.4, 0.6) were col-
lected by using a PANalytical X’pert Pro diffractometer with
Cu Kα radiation (40 kV, 40 mA) and a graphite monochro-
mator in a reflection model (2θ = 5◦ to 80◦, step = 0.017◦

(2θ )). Well-grounded fine powder samples on glass slides
were loaded into a homemade airtight accessory to prevent
the sample from oxidizing during collecting the diffraction
pattern. Laboratory in situ PXRD measurements were made
by using a Rigaku SmartLab instrument (Cu Kα radiation)
equipped with an Anton Paar HTK-600 N oven sample stage
(10−2 Pa, 80 K–300 K). The room-temperature diffraction pat-
tern (at 300 K) was first obtained as a standard, and the low
temperature data were collected over the 2θ range of 5◦–100◦

in steps of 0.017◦ at 85 K, 130 K, 150 K, 170 K, 200 K,
250 K, respectively. Structure determination and Rietveld re-
finement were performed using Fullprof suites. For solving
the structures, C3H10N2 molecular and FeSe layers were used
as independent motifs in a simulated annealing approach, a
preliminary structural model is built up with space group P-
4 (phase I) and P4/nmm (phase II), and then Li position is
located by Fourier difference analysis. Finally, Rietveld re-
finement against the PXRD data was obtained based on this
structure model, with the site occupancies constrained to the
sample composition during the refinement.

The sample composition (Li:Fe:Se) were determined by
inductively coupled plasma mass spectrometry (ICP-AES).
The nitrogen content in each of the samples was determined
by using an oxygen and nitrogen analyzer (ONA, Senbao TN-
306, Shanghai), with a stand deviation of 0.1 ppm and nitrogen
concentration in a range between 0.0005% and 20%.

Magnetization and resistivity measurements were carried
out using a SQUID PPMS-9 system (quantum design). Mag-
netic susceptibility measurements were made in a direct cur-
rent (DC) field of 40 Oe (1 Oe = 79.5775 A·m−1) and a tem-
perature range of 10 K–300 K after cooling in zero applied
field and in the measuring field. To ensure metallic contact be-
tween the polycrystalline grains, the resistivity and Hall mea-
surement were conducted based on the pressurized samples
that are further annealed at 150 ◦C for 12 h. Temperature de-
pendence of the resistivity ρ(T ) of Lix(C3H10N2)0.32FeSe was
measured in a standard four-probe configuration with an ap-
plied current of less than 2 mA. The Hall coefficient (RH) of
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Lix(C3H10N2)0.32FeSe was obtained by a linear fit of ρxy and
B from −9 T to 9 T at each of the temperatures of 50 K, 100 K,
150 K, 200 K, 250 K, and 300 K.

The first principles calculations were performed with
the Vienna ab-initio simulation package (VASP).[24,25] We
employ the generalized gradient approximation (GGA) in
the form of the Perdew–Burke–Ernzerhof (PBE) for the
exchange–correlation potential.[26] The energy cut-off for
the plane wave expansion is 500 eV. The Brillouin zones
were sampled by the Monkhorst–Pack method with meshes
of 9 × 9 × 12. The structural model of FeSe and
Li0.15(C3H10N2)0.32FeSe were based on the experimental
structure parameters. The model of (C3H10N2)0.32FeSe was
made by omitting the Li in Li0.15(C3H10N2)0.32FeSe, which
is appropriate to evaluating the influence of expanded layer
distance on electronic structure. To simplify calculations, we
omitted the charge neutral 1,3-DIA molecules. Doping was
simulated by adding extra electrons into the system, together
with a compensating uniform positive background. The added
electrons were 0.15 “extra” electrons per Fe atom compared
with stoichiometric FeSe, which was in consistent with the
experimental result.

3. Results and discussion
3.1. Molecule intercalated phases

Figure 1(a) shows the PXRD patterns of the
as-synthesized compounds co-intercalated by 1,3-DIA
molecules and Li metal ions with nominal compositions
Lix(C3H10N2)yFeSe (x = 0, 0.15, 0.2, 0.25, 0.4, and 0.6).
With the assistance of highly reductive lithium solution
(0.15 < x < 0.6), a series of new phases with much enhanced

lattice parameters appear. The first phase pure sample with-
out residue FeSe is obtained at x = 0.15 (phase I). Based on
extinction conditions, the diffraction peaks of phase I is in-
dexed into a primitive tetragonal cell, with lattice parameters
a = 3.8136(4) Å and c = 10.617(1) Å. With the increase of Li
concentration (0.15 < x < 0.25), the initial set of reflections
rapidly diminishes and is replaced by a new set of reflections.
The new phase (phase II) without residue phase I is first ob-
tained at x = 0.25, and the pattern is indexed into a primitive
tetragonal supercell, with lattice parameters a = 3.7906(2) Å
and c = 21.632(1) Å. Strikingly, the diffraction profiles of the
new tetragonal phase persist up to x = 0.4, suggesting that the
phase II tolerates an Li concentration range c from x = 0.25
to 0.4. Finally, phase II is decomposed at sufficiently high
Li concentration (x > 0.4), with a considerable quantity of
impurities Li2Se appearing at x = 0.6. The lattice parameters
of the phases at different nominal x values are summarized
in Table 1. It is worth noting that the tunable dopant con-
centrations in Lix(C3H10N2)yFeSe (phase II, 0.25 ≤ x ≤ 0.4)
are in contrast to the discreet metal concentrations found in
known intercalated FeSe systems,[27,28] suggesting that the
organic molecule intercalated FeSe may serve as an ideal plat-
form to investigate the influence of carrier concentration on
the superconductivity in FeSe system.

As shown in Table 1, the ICP-AES analyses indi-
cate that slight lithium loss occurs during the reaction.
Meanwhile, the ONA analyses indicate that the intercalated
molecules are almost invariant with x value increasing, assum-
ing that all nitrogen species come from C3H10N2 molecules.
The measured compositions of the two phase pure samples
at x = 0.15, 0.25 ∼ 0.4 are Li0.13(C3H10N2)0.32FeSe and
Lix(C3H10N2)0.33FeSe (x = 0.22 ∼ 0.34), respectively.
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Fig. 1. (a) Powder x-ray diffraction patterns of Lix(C3H10N2)yFeSe, with inset showing enlarge view of XRD patterns of x = 0.15 and 0.25,
and (b) enlarged view of (00l) peak, showing a two-phase region between x = 0.15 and x = 0.25.
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Table 1. Chemical analyses and crystallographic parameters from indexed PXRD data at 298 K for Lix(C3H10N2)yFeSe.

Nominal x ICP-AES x y Symmetry a/Å c/Å

0.15 0.13 0.32 P-4 3.8136(4) 10.617(1)
0.20 0.18 0.32 phase I+II – –
0.25 0.22 0.33 P4/nmm 3.7906(2) 21.632(1)
0.40 0.34 0.32 P4/nmm 3.7858(1) 21.904(5)
0.60 0.42 0.32 phase II+Li2Se 3.7878(3) 21.912(4)

3.2. Crystal structures

As shown in Fig. 2(a), the crystal structure of
Li0.15(C3H10N2)0.32FeSe (phase I, space group P-4) is re-
solved by ab initio structure determination from PXRD data.
Rietveld refinement is performed based on this structure model
and produces a satisfactory fit to the diffraction pattern, with
Rp = 2.35% and Rwp = 3.56% at 295 K. As shown in Fig. 1(a),
the intercalated C3H10N2 molecules are centered at the gen-
eral crystallographic positions 4h site: (x, y, z), and dis-
ordered over four diagonal orientations. Under the refined

structure model, the two shortest H–Se distances in the com-
pound are 2.765(4) Å and 2.779(2) Å, respectively, which
are in consistence with those in the normal hydrogen bonding
interactions.[27,29] The two Fe atoms are located at 1a site: (0,
0, 0) and 1c site: (1/2, 1/2, 0), and the Se atoms are located at
2g (0, 1/2, z) site. Li ions are located at the position adjacent to
the FeSe layers at sites 2g (0, 1/2, z) site. Moreover, the com-
pressed FeSe4 tetrahedra found in Fe1+δ Se are retained, with
Se–Fe–Se bond angles of 104.0(1)◦ and 112.3(1)◦ compared
with values of 103.9(2)◦ and 112.3(4)◦ in Fe1+δ Se.[12]
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Fig. 2. Crystal structures and Rietveld refinements for two phases in 1,3-DIA intercalated FeSe at 300 K. (a) Structural model of phase I. (b)
Structural model with orientational disorder of molecules for phase II (x = 0.25). (c) Refinement against powder x-ray diffraction data of phase
I (x = 0.15). (d) Refinement against powder x-ray diffraction data of phase II (x = 0.25). (e) Refinement against powder x-ray diffraction data
of phase II (x = 0.4).
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As shown in Fig. 2(b), the crystal structure of
Li0.25(C3H10N2)0.33FeSe (phase II) is successfully determined
in a similar manner in space group P4/nmm. The main struc-
tural difference between the two phases lies in the fact that
with Li concentration increasing, the orientations of the inter-
calated molecules in phase II between the adjacent FeSe layers
become inequivalent to each other. Subsequently, the unit cell
is doubled along the c axis. Along with the phase transition,
the FeSe interlayer distance is further extended from 10.617 Å
to 10.816 Å. There is also hydrogen bonding between the hy-
drogen atoms and the anion of FeSe layers, with the short H–
Se bond distances being around 2.63 Å–2.91 Å.[27,29] More-
over, the FeSe4 tetrahedra in phase II become more distorted
with electron doping increasing. As shown in Fig. 1, the
Se–Fe–Se bond angles increases from 112.31◦ to 112.51◦,
the values are comparable to the results in ammonia interca-
lated Li0.6(1)(ND2)0.2(1)(ND3)0.8(1) Fe2Se2 (112.84(3)◦).[27]

As shown in Fig. 1(e), we also refine the crystal structure of
phase II compound at x = 0.4, with the final reliability factors
Rp = 3.89% and Rwp = 5.16% reached. The refined structural
parameters confirm that the doping continuously increases the
distortion of FeSe4 tetrahedron, with the Se–Fe–Se angle fur-
ther increasing to 112.61◦. Meanwhile, the anion height within
the FeSe layer also monotonically increases from 1.491(6) Å

(x = 0.15) to 1.497(3) Å (x = 0.4).

3.3. Low-temperature crystal structures

For iron pnictide, a tetragonal-to-orthorhombic structural
transition (from C4 symmetry to C2 symmetry) is often ob-
served in the under-doped state. To determine the evolution of
Lix(C2H8N2)0.5Fe2Se2 crystal structure at low temperatures,
x-ray powder-diffraction data are collected for the least elec-
tron doped sample (x = 0.15) at T = 85 K, 110 K, 130 K,
150 K, 170 K, 200 K, and 295 K, respectively. Figures A2–
A8 shows the observed, calculated, and difference diffrac-
tion profiles for Li0.15(C3H0N2)0.32Fe2Se2. The low temper-
ature patterns can all be well fitted by the room temperature
structure model in the space group P-4, indicating no ‘ne-
matic’ phase transition occurring between 85 K and 250 K.
The temperature-dependent unit-cell parameters a and c val-
ues, the Se–Fe–Se bond angles, Fe–Se bond lengths as well
as the anion height at the measured temperatures are plot-
ted in Figs. 3(a)–3(d) respectively. From 85 K to room tem-
perature, the lattice parameter a increases only by 0.075%,
whereas the lattice parameter c expands more obviously by
0.25%. The temperature-dependent structural details are pre-
sented in Fig. 3.
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Fig. 3. Response of lattice parameters, anionic Se height, Fe–Se bond length and Se–Fe–Se bond angles of Li0.15(C3H10N2)0.32FeSe to
elevating temperature at 85 K, 110 K, 130 K, 150 K, 170 K, 200 K, and 295 K, respectively. Dashed lines are guides for the eyes.

3.4. Quasi-2D Superconductivity behavior

Figure 4(a) shows the plots of temperature-dependent
zero-field cooling (ZFC) magnetic susceptibility of three
phase pure Lix(C2H8N2)yFe2Se2 (x = 0.15, 0.25, 0.4) samples
under an external magnetic field of 10 Oe. The magnetiza-
tion of the three samples in the whole temperature range up to

300 K are presented in Figs. A9–A11. With the carrier dop-

ing from intercalated Li, sharp transitions from normal state to

superconducting state are observed at temperature range from

40 K to 45 K in the measured samples. Meanwhile, no notice-

able magnetization anomaly is found beyond Tc (Fig. A11),

indicating no nematic phase transition occurring in the com-
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pounds, which is in consistent with the powder XRD data. In
Figs. 4(b) and A12–A14 we also present the resistivity data
of the three compounds, respectively. Similarly, no resistivity
kink that may correspond to nematic phase transition is pre-
sented in a temperature range from 20 K to 300 K.

The as-synthesized Li0.15(C3N2H10)0.33Fe2Se2 shows a
diamagnetic transition at Tc up to 40 K with a consider-
able shielding fraction of 49% at 10 K in the zero-field-
cooling condition. Further confirmation of superconductiv-
ity is shown in Fig. 4(b), which shows the temperature-
dependent electrical resistivity measured on cold-pressed pel-
lets. Apart from the metallic normal state above the Tc in
Li0.15(C3N2H10)0.32Fe2Se2, a rapid decrease of resistivity ap-
pears around 40 K, and zero resistivity is reached at 37 K. With
further increasing doping concentration in phase II, the maxi-
mum Tc up to 45 K is realized in Li0.25(C3N2H10)0.33Fe2Se2,
equal to the optimal Tc value of the ammonia-intercalated
FeSe. Correspondingly, the electrical resistivity shows the
transition around 45 K, and zero resistivity is realized at 42 K.
From x = 0.25 to 0.4, the Tc is found to slightly depress to
44 K at high Li concentration, indicating that the system enters
into an over-doped region. Meanwhile, the superconducting
volume fraction continually increases with x value increasing
for two phase II samples, with their maximum value reaching
76%, confirming the bulk superconductivity.
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Fig. 4. (a) Magnetic susceptibilities of three phase of pure
Lix(C3H10N2)yFeSe (x = 0.15, 0.25, 0.4) with inset showing en-
larged view. (b) Electrical resistivity of three phase of pure
Lix(C3H10N2)yFeSe (x = 0.15, 0.25, 0.4) samples.

For the Lix(C3H10N2)0.32FeSe sample, the intercalation
of 1,3-DIA molecule significantly enlarges the distance be-

tween the adjacent superconducting FeSe layers, which will
weaken the correlation strength along the c-axis for this FeSCs
system. The effects of fluctuation on transport property and
thermodynamic property are studied for classical layered su-
perconductors, and more extensively, for the high-Tc materi-
als. Figures 5(a) and 5(c) display the curves of temperature-
dependent electric resistivity of Lix(C3H10N2)0.32FeSe at sev-
eral temperatures, respectively, for the cases of x = 0.15 and
0.25. As a signature of the quasi-2D superconductivity in
Lix(C3H10N2)0.32FeSe, the resistivity transition near T onset

c be-
comes too smooth to determine a mean-field transition point,
especially in the presence of a magnetic field. Under zero mag-
netic field, the transition range from T onset

c to T zero
c of the two

samples are quite narrow, i.e., sample x = 0.15 is in a temper-
ature range of 40 K–37 K and sample x = 0.25 is in a tem-
perature from 45 K to 42 K. Such narrow transitions are com-
parable to the transitions of many single crystal samples as
shown in Ref. [30], indicating good sample homogeneity. Un-
der external magnetic fields from 0 T to 9 T, the diamagnetic
responses of the two samples each show obviously a tailing
effect, while the shift of T onset

c is not obvious. This unusual
behavior, which has been observed also in high-quality single
crystals of layered high-Tc materials,[31] has been attributed to
the effect of superconducting fluctuations in quasi-2D super-
conductors.

The fluctuation magnetoconductivity above the supercon-
ducting transition temperature (Tc) is hence analyzed in terms
of the Lawrence–Doniach (LD) (Eqs. (1) and (2)) approach for
2D superconductivity[31,32]

∆σLD =
e2

64π h̄
1
h

π/s∫
−π/s

dkz
[

Ψ
1
(

ε +h+ωLD
kz

2h

)

−Ψ
1
(

c+h+ωLD
kz

2h

)]
, (1)

ω
LD
kz = γ[1− cos(kzs)]/2. (2)

Here, Ψ1 is the first derivative of digamma function, e is
the electron charge, h is the reduced magnetic field, ε is the
ln(T/T mid

c ), s is the distance between adjacent FeSe layers,
and r is a fitting parameter corresponding to coherence length
amplitude ζ (0). Figure 5(b) presents the fluctuation contri-
bution to the conductivity ∆σ which varies with temperature
under external magnetic fields from 0 T to 9 T. The ∆σ is
obtained from ρ(T )H through ∆σ = 1/ρ(T )H − 1/ρB(T )H,
where the background resistivity ρB(T )H is obtained for each
field by a linear fit from 55 K to 60 K, above the onset of
fluctuation effects. The fittings lead to an averaged ζ (0) =
0.9652 Å, a value which is one order of magnitude smaller
than the FeSe inter-layer distance. As shown in the inset of
Fig. 5(b), the experimental ∆σ value strongly deviates from
the calculated one from the 3D anisotropic Ginsburg–Landau
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(GL) model, and accords well with that from the Lawrence–
Doniach model, clearly showing that the superconductivity of
Li0.15(C3H10N2)0.32FeSe is quasi-two-dimensional in nature.
Moreover, the fitting also yields a zero-temperature upper crit-
ical field Hc2(0) = 89 T. As for Li0.25(C3H10N2)0.33FeSe, a

similar quasi-two-dimensional superconducting behavior also
clearly exists. The fitting based on the Lawrence–Doniach
function yields a coherence length amplitude ζ (0)=0.8425 Å,
and the zero-temperature upper critical field Hc2(0) is obtained
to be 82 T.
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Fig. 5. Quasi-2D superconductivity behavior of Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25). (a) and (c) Temperature-dependent resistivity around Tc of
Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25) under increasing magnetic fields. The lines are for examples (for µ0H = 9 T) of background contribution, as
determined by a linear fit above 42 K, where fluctuation effects are expected to be negligible. (b) and (d) The fluctuation contribution to the conductivity
∆σ varies with temperature under external magnetic fields up to 9 T for Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25). The inset shows the fitting of ∆σ

versus temperature with the quasi-2D Lawrence–Doniach model (green dash line) and 3D anisotropic Ginsburg–Landau model (brown solid line). (e)
and (g) Expanded view of temperature dependence of magnetization for Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25) under external magnetic fields. The
data are corrected for T -independent background. (f) and (h) 2D scaling of high-field magnetization curves for Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25),
with inset showing 3D scaling behavior.
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Figures 5(e) and 5(g) show the magnetization curves on an expanded scale close to the superconducting transition for
Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25) under external fields H = 1 T to 9 T. The data are corrected for the T -independent
diamagnetic normal-state magnetization. A peculiarity of both sets of data is the existence of a crossing point M(T,H) at which
the magnetization is field independent. This unusual behavior is also attributed to the effect of superconducting fluctuations in
quasi-two-dimensional superconductors, a similar effect has been observed in Bi2Sr2CaCu2O8.[33] Besides the crossing point,
the scaling behavior in the diamagnetic response is also widely used to judge the dimensionality of materials.[34,35] For the
temperature-dependent diamagnetization a scaling form is expected to be a function of the following form 4πχ/(T ·H)n =

F [[T −Tc(H)]/(T ·H)n] under the external magnetic field H, where F is a scaling function, n = 2/3 for anisotropic 3D material,
and n = 1/2 for a 2D system.[34] Figures 5(f) and 5(h) show the magnetization data under fields from 0 T to 9 T that are
scaled in the proper two-dimensional form and three-dimensional form (inset), respectively. For both of the compounds, the
two-dimensional scaling has apparently higher quality than the three-dimensional scaling, the observations further confirm that
the superconducting fluctuation is large due to the strong two dimensionality of Lix(C3H10N2)0.32FeSe (x = 0.15, 0.25).

3.5. Hall resistivity

In Fig. 6, we show the transport properties of Lix(C3H0N2)yFe2Se2 (x = 0.15, 0.25, 0.4) samples at a normal state. In
the whole temperature region, Hall resistivity ρxy(µ0H) of Li0.15(C3H10N2)0.32FeSe sample shows good linear relation against
magnetic field up to 9 T. The derived Hall coefficient RH = ρxy/µ0H at 9 T exhibits strong temperature dependence (Fig. 6(a)).
The RH is negative below 200 K and the absolute values decrease rapidly with temperature increasing. Finally, the RH becomes
positive at higher temperature, i.e., there is a sign change at ∼ 185 K. It suggests that there exist two different types of charge
carriers in Li0.15(C3H10N2)0.32FeSe, the dominant carriers are of electron-type at low temperatures and become hole-type carriers
at high temperature.
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Fig. 6. Hall effect transverse resistivity ρxy measurement. (a)–(c) Field-dependent Hall effect transverse resistivity ρxy for Lix(C3H0N2)yFe2Se2
(x = 0.15, 0.25, 0.4) samples. (d) Temperature-dependent Hall coefficient for three samples, RH changes sign from negative to positive at a
similar point about 185 K, demonstrating dominant hole carriers appear above 185 K.

For electron-doped FeSe materials, including KFe2Se2,[7]

K-coated FeSe,[8] and (Li, Fe)OHFeSe,[10] the intensive

ARPES and STM results both confirm that there exist only

electron pockets in their electronic structures.[36] A reason-

able scenario based on these results is that the low temper-

ature Fermi surface topology in Lix(C3H10N2)yFeSe should

also include only electron pocket, and no hole carriers should

be present in the compounds. Therefore, the observed sign

change of Hall resistivity RH at ∼ 185 K should be a di-

rect evidence that the ‘hole pocks’ originally lacking in other
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‘electron-doped FeSe materials reoccur in the Fermi surfaces

of Lix(C3H10N2)yFeSe at high temperatures.

Figures 6(b) and 6(c) show the plots of Hall resistivity

ρxy versus µ0H respectively for two phase II samples with

much higher dopant concentration x = 0.25 and 0.4,. The in-

crease of Li concentration significantly reduces the absolute

value of ρxy(µ0H) of each sample above Tc. Strickingly, as

shown in Fig. 6(d) and Table 2, the RH values of both samples

also increase rapidly with temperature rising, and their signs

change at almost the same temperature (around 185 K). The

values of Hall resistivity ρxy(µ0H) of samples x = 0.12 and

0.25 show similar linear dependence on magnetic field from

50 K to 300 K. But the ρxy(µ0H) of sample x = 0.4 is not lin-

ear at 300 K, which is a signature of the multiband behavior.

Such multiband behaviors could be a consequence of the more

complex electronic structure after the appearance of the hole

pockets.

Table 2. Hall coefficients from 50 K to 300 K for x = 0.15, 0.25 and
0.4.

T /K
x = 0.15 x = 0.25 x = 0.4

RH/10−3 cm3/C RH/10−3 cm3/C RH/10−3 cm3/C

50 –43.55 –34.51 –17.41
100 –31.33 –18.35 –9.35
150 –5.34 –4.06 –3.12
200 1.66 1.77 1.33
250 20.47 8.75 2.46
300 28.89 20.51 10.82

For electron-doped FeSe systems, the sign change of RH

at high temperatures is very uncommon. The Hall coeffi-

cient of both KxFe2−ySe2
[18] and (Li0.8Fe0.2)OHFeSe single

crystals[19,20] are negative and exhibit the concave shape of RH

in the measured temperature range. Meanwhile, the RH values

of superconducting Lix(NH3)yFeSe crystals are also negative

below room temperature but increase monotonically with tem-

perature rising.[13] The negative RH in heavy electron-doped

FeSe is consistent with their novel electronic structure consist-

ing of only electron pockets. We note that a sign reversal of

Hall resistance with temperature increasing is only observed

in another low-dimensional FeSe system — few-layered FeSe

film on an SiTO3 substrate, and the RH values of 1-to-14-unit-

cell (UC)-thick FeSe films show a similar crossover from elec-

tron conduction to hole conduction at ∼ 150 K.[22] The sign

reversal of RH observed in both FeSe films on SrTO3 and the

title compounds with largely expanded FeSe layers suggest the

decrease of dimensionality in FeSe may play a role in the oc-

curring of hole carriers at high temperatures.

3.6. Electronic structure

To clarify the influence of expanded FeSe layer distance
on the electronic structure, the band structure of FeSe and
(C3H10N2)0.32FeSe (charge neutral) are calculated by first
principles calculations. The orbital resolved DFT band struc-
tures from M to Γ route are presented in Fig. 7, and the
more complete band structures are shown in Fig. A15. For
bulk FeSe, there are four bands crossing the Fermi level, with
two hole-like bands around the zone center (Γ point) and two
electron-like bands around the zone corner (M point). Fig-
ures 7(c) and 7(e) show the Fermi surface for bulk FeSe, the
volumes enclosed by the Fermi surface are found to be 0.230
holes/cell and 0.231 electrons/cell, respectively. The results
corresponding to a carrier density of 2.93 × 1021 holes/cm3

and 2.96× 1021 electrons/cm3 are in consistence with the al-
most compensated for electronic and hole carriers in bulk
FeSe. The results are similar to the previous DFT calculations
and ARPES measurements.[37,38]

By expanding the FeSe layer distance up to 10.62 Å, the
band structure of (C3H10N2)0.32FeSe exhibits a nearly flat dis-
persion along the F–Z route with a quasi-2D character, sug-
gesting that the dispersion along the c axis is weakened as
the molecule is intercalated (Fig. A15). Meanwhile, the in-
teraction has a profound influence on the electronic structure
around Γ point. As shown in Fig. 7(a), bulk FeSe has two hole
pockets at Γ point, which are dominated by dxz/yz orbital. No-
tably, the molecule intercalation in (C3H10N2)0.32FeSe trig-
gers a new dx2−y2 hole pocket above the Fermi level around Γ

point (Fig. 7(b)). Apart from this, an empty-state band dom-
inated by dxz/yz orbital sinks significantly as the FeSe layer
is expanded. This sinked empty band was recently observed
through STM in another low-dimensional FeSe system (1UC
FeSe film on SrTiO3 substrate).[39] Figures 7(d) and 7(f) show
the Fermi surface for (C3H10N2)0.32FeSe, and the volume en-
closed by the hole-like Fermi surface is found to increase sig-
nificantly compared with the scenario for bulk FeSe, mean-
while, the electronic Fermi surface is almost unchanged. In
particular, in the volume enclosed by Fermi surface the holes
and electrons per cell are 0.791 and 0.525, namely the concen-
tration of hole carriers and electron carriers are 5.12× 1021

holes/cm3 and 3.41× 1021 electrons/cm3, respectively. The
results suggest that the quasi-2D structure will reconstruct the
Fermi surface around Γ point and significantly increase the
hole carrier concentration.

The heavy electron doping in FeSe is known to signifi-
cantly elevate the Fermi level and sunk all the hole pockets
below the Fermi energy, leaving only electron pockets in the
Fermi surface (Fig. 7(g)). Meanwhile, it is also known that as
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the temperature rises, the chemical potential decreases and the
Fermi level sinks continually. Our first principle calculations
indicate that the increase in FeSe layer distance can lift up the
‘hole band’ around Γ point toward Fermi energy. Therefore,
the enhanced hole pockets due to low dimensionally and the
reduced chemical potential at high temperature are proposed
to be responsible for the sign reversal of hall resistivity in
Lix(C3H0N2)yFe2Se2 (x = 0.15, 0.25, 0.4).[13,40] Recently, the
study of 77Se, 7Li, and 1H nuclear magnetic resonance (NMR)
of the ethylenediamine intercalated Lix(C2H8N2)yFe2−zSe2

identifies strong temperature dependence of 77Se NMR shift
and spin-lattice relaxation rate, 1/77T1.[41] The phenomenon
is attributed to the hole-like bands moving close to the Fermi

energy at high temperatures. Our observed sign reversal of RH

in Lix(C3H0N2)yFe2Se2 proves more direct evidences that at

least one of the hole pockets beneath the EF crosses the EF at

high temperate, and thus leads to a change in the Fermi surface

topology. Furthermore, considering similar band structures in

intercalated FeSe and monolayer FeSe, the same picture is also

applicable to the explanation of the sign reversal of Hall resis-

tance at around 150 K in few-layered FeSe films deposited

on SiTO3.[42] Moreover, it is expected that the sign reversal

of Hall resistance can be observed for other organic molecule

intercalated FeSe materials with largely expanded layer dis-

tances.
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Fig. 7. Electronic structure of bulk FeSe and (C3H10N2)0.32FeSe. (a) and (b) Band structure along M to Γ route of bulk FeSe and
(C3H10N2)0.32FeSe. (c) and (f) Fermi surface of bulk FeSe, (C3H10N2)0.32FeSe (Γ point is in the center and M point is at the corner).
(g)–(h) Schematic diagram for Fermi surface of Li0.15(C3H10N2)0.32FeSe at LT (low-temperature) and after sign change of Hall coefficient at
HT (high-temperature). The Fermi energy is set to be zero.

4. Conclusions
In this work, two tetragonal superconducting phases

are identified in Lix(C3H10N2)0.32FeSe (x = 0.15 ∼
0.4) system, i.e., Li0.15(C3H10N2)0.32FeSe (phase I) and
Lix(C3H10N2)0.32FeSe (phase II, 0.25 < x < 0.4). The lithium
concentration is revealed as a key parameter controlling both
the crystal structure and the Tc. The determined structures
demonstrate that between the FeSe layers, the orientation of
1,3-DIA molecules is coupled with Li concentration, and the
FeSe layer distance is expanded up to ∼ 10.9 Å. Supercon-
ductivity is observed at 40 K in phase I, and the highest Tc up
to 46 K is realized in phase II at x = 0.25. The Hall coefficient

RH values of the two phases are negative at low temperature,
indicating dominant electron-type carriers due to Li doping.
Meanwhile, a sign reversal of RH at 185 K is observed in
both phases and at three different doping levels, implying that
the hole pockets appear in all these superconductors at high
temperature. Fitting of resistivity in terms of the Lawrence–
Doniach model and the measured field-dependent diamagnetic
response suggests that the two superconductors belong to the
quasi-2D system. Further DFT calculations reveal that the
increase in FeSe layer distance will lift up a ‘hole band’ as-
sociated with dx2−y2 character around Γ point toward Fermi
energy.
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Appendix A: Supplemental material

Table A1. Crystal structure parameters for phase I.

Atom Wyckoff site x y z Occupation Uiso

C1 4h 0.4026(8) 0.9304(4) 0.5449(7) 0.16 0.0210(7)
C2 4h 0.2987(4) 0.5444(3) 0.5673(9) 0.16 0.0210(7)
C3 4h 0.6298(5) 0.3187(2) –0.5878(9) 0.16 0.0210(7)
N4 4h 0.0778(5) 1.1495(1) 0.5225(9) 0.16 0.0210(7)
N5 4h 0.5274(7) –0.0595(0) –0.6100(7) 0.16 0.0210(7)
H6 4h 0.5480(9) 1.0343(4) –0.6312(1) 0.16 0.0210(7)
H7 4h 0.5811(3) 0.9481(9) –0.4589(0) 0.16 0.0210(7)
H8 4h 0.1236(3) 0.5267(2) –0.6543(4) 0.16 0.0210(7)
H9 4h 0.1495(3) 0.4414(8) –0.4818(5) 0.16 0.0210(7)
H10 4h 0.8047(7) 0.3359(3) –0.5008(8) 0.16 0.0210(7)
H11 4h 0.7799(5) 0.4201(8) –0.6734(7) 0.16 0.0210(7)
H12 4h 0.1191(3) 1.4172(4) –0.5612(0) 0.16 0.0210(7)
H13 4h 0.0257(2) 1.1667(2) –0.4197(9) 0.16 0.0210(7)
H14 4h 0.2600(7) –0.0701(4) –0.6515(3) 0.16 0.0210(7)
H15 4h 0.5296(4) –0.2033(8) –0.5190(4) 0.16 0.0210(7)
Fe16 2a 0.0000 0.00000 0.0000 0.5 0.0103(4)
Fe17 2b 0.50000 0.50000 0.0000 0.5 0.0103(4)
Se18 2c 0.0000 0.50000 0.1405(3) 1.0 0.0103(4)
Li19 2d 0.50000 1.00000 0.2340(3) 0.065 0.0103(4)

Table A2. Crystal structure parameters for phase II.

Atom Wyckoff site x y z Occupation Uiso

C1 16g 0.1279(5) 0.2141(4) 0.2576(6) 0.0825 0.0210(7)
C2 16g 0.5162(7) 0.1725(2) –0.2405(1) 0.0825 0.0210(7)
C3 16g 0.7622(7) 0.4057(2) –0.2791(0) 0.0825 0.0210(7)
N4 16g –0.0929(1) –0.0313(0) –0.2220(8) 0.0825 0.0210(7)
N5 16g 1.1401(8) 0.3796(2) –0.2651(0) 0.0825 0.0210(7)
H6 16g 0.0938(2) 0.1501(1) –0.3069(2) 0.0825 0.0210(7)
H7 16g 0.0523(7) 0.4949(9) –0.2523(4) 0.0825 0.0210(7)
H8 16g 0.5903(5) –0.1064(9) –0.2459(4) 0.0825 0.0210(7)
H9 16g 0.5521(4) 0.2366(3) –0.1911(5) 0.0825 0.0210(7)

H10 16g 0.6852(9) 0.6840(5) –0.2739(0) 0.0825 0.0210(7)
H11 16g 0.7273(0) 0.3430(2) –0.3283(9) 0.0825 0.0210(7)
H12 16g –0.3510(7) –0.0040(1) –0.2347(4) 0.0825 0.0210(7)
H13 16g –0.0819(0) 0.0322(6) –0.1761(9) 0.0825 0.0210(7)
H14 16g 1.2202(6) 0.1234(8) –0.2698(5) 0.0825 0.0210(7)
H15 16g 1.1824(0) 0.4421(1) –0.2197(2) 0.0825 0.0210(7)
Fe16 4a 0.00000 0.00000 0.00000 1.00 0.0103(4)
Se17 4b 0.00000 0.50000 0.0700(3) 1.00 0.0103(4)
Li18 8h 0.50000 0.00000 0.12000 0.11 0.0103(4)
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Fig. A1. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
85 K.
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Fig. A2. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
110 K.
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Fig. A3. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
130 K.
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Fig. A4. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
150 K.
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Fig. A5. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
170 K.
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Fig. A6. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
200 K.
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Fig. A7. Powder x-ray diffraction data for Li0.13(C3H10N2)0.32FeSe at
250 K.

Table A3. Rp and Rwp for low-temperature PXRD refinements.

Temperature/K Rp/% Rwp/%
85 3.5 4.25
110 3.87 5.78
130 3.25 4.23
150 3.95 5.01
170 4.05 5.12
200 3.26 4.12
250 3.78 4.56
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Fig. A8. Zero-field-cooled magnetic susceptibilities for
Li0.15(C3H10N2)0.32FeSe.

    

Temperature/K

x/.

4
π
χ

0

−0.4

−0.2

−0.8

−0.6

Fig. A9. Zero-field-cooled magnetic susceptibilities for
Li0.25(C3H10N2)0.33FeSe.
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Fig. A10. Zero-field-cooled magnetic susceptibilities for
Li0.4(C3H10N2)0.32FeSe.
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Fig. A11. Enlarged view of zero-field-cooled magnetic susceptibilities
for Lix(C3H0N2)yFeSe (x = 0.15, 0.25, 0.4) from 50 K∼250 K.

50 100 150 200 250 300
0

10

20

30

40

50

60

70

 x/.

Temperature/K

ρ
/
m
W
Sc
m

Fig. A12. Electrical resistivity of Li0.15(C3H10N2)0.32FeSe.
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Fig. A13. Electrical resistivity of Li0.25(C3H10N2)0.33FeSe.
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Fig. A14. Electrical resistivity of Li0.4(C3H10N2)0.32FeSe.
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Fig. A15. Orbital resolved electronic structures of FeSe, (C3H10N2)0.32FeSe, and Li0.15(C3H10N2)0.32 FeSe.
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