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Superconductivity in LiFeO,Fe,Se, with anti-PbO-type spacer layers
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We report on a superconductor LiFeO,Fe,Se, with T. ~ 43 K, synthesized via the hydrothermal method.
The anti-PbO-type spacer layer of LiFeO, has been successfully intercalated between the anti-PbO-type FeSe
layer, which results in a high-7, superconductivity in this iron selenide material. In this material, the LiFeO,
layer is electrically neutral and does not act as an electron donor, which is remarkably different from other
heavily electron-doped intercalated FeSe-derived superconductors. Based on our results and previous reports
on FeSe-based superconductors, we figure out a V-shaped anion height from the Fe layer dependence of T,
in the FeSe-derived superconductors, which is in contrast to the inverse V-shaped one for the FeAs-based
superconductors. Our studies expand the categories of the iron-based superconductors and open a door in the
quest for potential superconductors with various spacer layers, which is helpful for the study of the underlying

physics in iron-based high-7; superconductors.
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Superconductivity has been found in iron arsenides with
a great diversity of crystallographic structures by alternately
stacking the conducting FeAs layers and various spacer
layers, including alkali or alkali-earth metal ions and PbO-
or perovskite-type oxide blocks.'”! A T, as high as 55
K in FeAs-derived compounds has been achieved in the
LnOFeAs compounds (1111 phase, Ln = La, Ce, Pr, Nd,
Sm, etc.) with PbO-type oxide spacer layers.'® B-FeSe has
a basic structure similar to that of the FeAs layer in iron
arsenide superconductors, and shows superconductivity with
T. ~ 8 K.!' However, there exists a remarkable difference
between these structural elements. The Fe’*Se®~ layer is
neutral, while the Fe?* As>~ layer possesses negative charges.
It is the electric neutrality that makes the physical properties
and structural categories of FeSe-derived compounds different
from those of the FeAs-derived compounds.

In iron selenides, metal ions and molecules have been inter-
calated between adjacent FeSe layers as spacer layers to form
superconductors with high T, such as A,Fe,_,Se; (A =K,
Rb, Cs, TI/K and TI/Rb, etc.), Li,(NH),(NH3);_,Fe,Se,, and
Li,(CsHsN),Fe;_.Se,.'*"® In A,Fe,_,Se, single crystals,
there are two distinct phases: a superconducting phase with
T. ~ 32 K and without Fe vacancies,'® and an insulating
antiferromagnetically ordered phase, K,FesSes, with a Néel
transition temperature of ~560 K and a +/5 x +/5 order of
Fe vacancies.'?-?° However, the superconducting phase can be
observed only if it is in close proximity to the insulating one.
It seems that the insulating phase A,FesSes plays a crucial
role in the superconductivity of A Fe,_,Se,, and some indeed
argue that it is probably the parent compound for this type
of material.>' Such inhomogeneity makes the investigation of
the underlying physics in A,Fe,_,Se, complicated. In alkali
metal-molecular intercalated iron selenide superconductors,
the structures of the space layers are relatively complex, and
whether the space layers act as charge donors or simply as
spacer units is still a puzzle.'®"'® In order to acquire a better
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understanding of the underlying physics in FeSe-derived and
other related high-7. superconductors, it is of significance to
search for superconductivity in intercalated FeSe systems with
novel spacer layers.

In this Rapid Communication, we report on an iron
selenide superconductor LiFeO,Fe,Se, with T, ~43 K
and neutral anti-PbO-type spacer layers, synthesized by the
hydrothermal method. As shown in Fig. 1(a), the structure of
LiFeO,Fe,Se; is constructed by alternately stacking the FeSe
and LiFeO; layers. The LiFeO, is an anti-PbO-type spacer
layer and has a cation-disordered cubic rocksalt structure
(so-called «-LiFeO,),”> which is different in structure
from the PbO-type LnO layers in LnOFeAs. In LiFeO,
layers, Li and Fe randomly occupy half by half of the same
site, which makes the LiFeO, layers electrically neutral.
Generally speaking, the charge neutral nature of both FeSe
and LiFeO, layers stops the charge transfer between them,
which makes LiFeO,Fe,Se, strikingly different from other
heavily electron-doped FeSe-derived superconductors.

Polycrystalline samples of LiFeO,Fe, Se, were prepared by
the hydrothermal reaction method. 0.012—0.02 mol selenourea
(Alfa Aesar, 99.97% purity), 0.0075 mol Fe powder (Aladdin
Industrial, Analytical reagent purity), and 12 g LiOH H,O
(Sinopharm Chemical Reagent, A.R. purity) were put into
a Teflon-lined steel autoclave (50 mL) and mixed together
with 10 ml de-ionized water. The Teflon-lined autoclave was
then tightly sealed and heated at 160 °C for 3—10 days. The
polycrystalline samples acquired from the reaction system
were shiny lamellar, which were then washed repeatedly
with de-ionized water and dried at room temperature. The
atomic ratio of Li:Fe:Se was determined to be 1.0:3.0:2.0
by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES), with an instrument error of 10%.

In order to getrid of the residua and to measure the transport
properties, the as-synthesized polycrystalline samples were
pressed into pellets and annealed at temperatures from 120 to
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FIG. 1. (Color online) (a) A schematic view of the structure of
LiFeO,Fe,Se,. The layered structure consists of alternately stacking
anti-PbO-type FeSe layers and LiFeO, layers. (b) XRD patterns
together with Rietveld refinement results. The observed diffraction
intensities are represented by yellow-green open circles, and the
fitting results by the red solid line. The blue curve at the bottom
is the difference between observed and fitting intensities. Short black
vertical bars below the XRD patterns indicate the positions of allowed
Bragg reflections.

200 °C for 5 h with an applied high pressure from 2 to 5 GPa.
X-ray diffraction (XRD) was performed using an x-ray diffrac-
tometer (SmartLab-9, Rikagu Corp.) with CuK« radiation
and a fixed graphite monochromator. The XRD patterns were
collected in the 2-theta range of 5°-80° with a scanning rate of
0.1°/min at room temperature. The lattice parameters and the
crystal structure were refined using the Rietveld method in the
program GSAS package, and Thompson-Cox-Hastings func-
tions with asymmetry corrections were applied as reflection
profiles. The magnetization measurements were carried out
by a superconducting quantum interference device magnetic
property measurement system (SQUID MPMS) (Quantum
Design). To measure the magnetizations under pressure, we
put the sample in a Teflon cell (EasyLab) with Daphne oil
7373 as the pressure media, and then placed the Teflon cell in
a copper-beryllium pressure cell (EasyLab) and incorporated
the pressure cell into the SQUID MPMS. The contribution
of background magnetization to the sample at 2 K was less
than 5%. The resistivity measurements were performed using
a Quantum Design physical property measurement system
(PPMS-9) and the corresponding results are shown in Fig.
S1 of the Supplemental Material.?

Figure 1(b) shows the x-ray diffraction (XRD) pattern of the
as-synthesized LiFeO,Fe,Se, taken at room temperature. The
refinement fitting of the Rietveld analysis®* was carried out
with the structural model shown in Fig. 1(a), with alternately
stacking of the anti-PbO-type FeSe and anti-PbO-type LiFeO,
layers. All Bragg peaks of the product can be well indexed by
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TABLE 1. The crystallographic parameters from the Ri-
etveld refinements of XRD data of LiFeO,Fe,Se,. Space group:
P4/nmm (No. 129); a = b = 3.7926(1) A, ¢ =9.2845(1) A, V =
133.54(1) AS, Ry, = 0.0937, R =0.0656, x> =143. g is the
occupation factor.

Atom X y Z g
Li 0.25 0.75 0 0.5
Fel 0.25 0.75 0 0.5
Fe2 0.75 0.25 0.5 1
0] 0.25 0.25  —0.0764(1) 1
Se 0.25 0.25 0.3355(1) 1
Bond length (A)

Fe2-Se 2.4347(1)x 4

Fe2-Fe 2.6818(1)x 4

Bond angle (deg)

Se'°P-Fe2-Se'P
Setop _Fez_sebottom

102.31(1)x 2
113.16(1)x 4

a tetragonal structure with space group P4/nmm (No. 129).
The refinement pattern is shown in Fig. 1(b), and the crystal-
lographic parameters from the refinement are listed in Table 1.
The obtained latticeoconstants of the tetragonal LiFeO,Fe,Se,
are a = 3.7926(1) A and ¢ = 9.2845(1) A, which has a much
smaller a axis and larger c-axis lattice parameters than those
of LnOFeAs (for instance, a = 4.0337 A, c =8.7411 A for
LaOFeAs),? respectively. The final R factors are fairly small
(Ryp = 0.0937), which is evidence for the validity of the
structural model we adopted. The unique bond distance of
Fe-Se is 2.4347(1) A and of Li(Fe)-O it is 2.0246(1) A. The
rather large distance, 3.6028(1) /ok, between Se and O suggests
that there are likely no chemical bonds (van der Waals gap)
between neighboring FeSe and LiFeO, layers.

The magnetic susceptibility () ) as a function of temperature
for LiFeO,Fe,Se, is plotted in Fig. 2. The measurements
were performed under an external field of H = 10 Oe. The
as-synthesized sample shows a round diamagnetic transition
around 40 K (see the inset), which is higher than 7. ~ 37 K
observed in FeSe under pressure,26 and a considerable shield-
ing fraction of 44% at 5 K in the zero-field-cooling process.
Such a large diamagnetism indicates that the as-synthesized
LiFeO,Fe,;Se, sample undergoes a bulk superconducting
transition at around 40 K.

In the low-temperature solution synthetic route, the small
sizes of the crystalline grains in the product can reduce
the superconducting shielding fraction. To further enhance
the sample quality, we applied a high-pressure annealing
technique to get rid of the residual solution. The LiFeO,Fe,Se,
sample was annealed under a high pressure of 5 GPa at
T = 150°C for 5 h, and its magnetic susceptibility is shown
in Fig. 2(b). The sharp drop of x at ~43 K suggests
that the high-pressure annealing procedure effectively en-
hanced the superconducting transition temperature 7;. The
temperature-dependent electrical resistance of the annealed
LiFeO,Fe,Se; sample is also measured, as shown in Fig. S1
of the Supplemental Material,”> which shows a clear drop
starting at 42 K in zero field, almost the same as the T,
inferred from the measurements of magnetic susceptibility.
Zero resistance was achieved at around 20 K. The quite
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FIG. 2. (Color online) (a) The magnetic susceptibility of the as-
synthesized LiFeO,Fe,Se, sample from the hydrothermal method.
(b) The magnetic susceptibility of the sample after annealing under
a high pressure of 5 GPa at T = 150°C for 5 h. Solid symbols:
Zero-field cooling (ZFC); open symbols: field cooling (FC). These
data were collected under a magnetic field of 10 Oe. The inset in
(a) is the zoom-in view around the superconducting transition of
the as-synthesized sample. The bottom inset of (b) is the zoom-
in view for ZFC data around the superconducting transition of the
annealed sample, which indicates 7, ~ 43 K. The top inset of (b) is the
M-H loop taken at 5 K for the annealed sample, where a linear H
dependence of M with a negative slope can be recognized below
300 Oe in the low-field range (as the magenta arrow indicates).

broad superconducting transition width (more than 20 K)
arises from the weak links between the grains, consistent
with the negative slope of the normal-state resistance. With
an applied magnetic field of 7 T, the temperature where
resistance starts to drop was suppressed to 34 K and the
transition became rounder. Our data in Fig. 2 also indicate
that the annealing procedure improved the diamagnetism. In
the zero-field-cooling process, the x of the annealed sample
shows a superconducting shielding fraction of 53% at 5 K.
More significantly, the x in the field-cooling process reaches
36% of the theoretical value of perfect diamagnetism at 5 K,
which is more than ten times larger than the value in the
as-synthesized sample. The M-H loop in the inset, taken at
5 K, indicates that LiFeO,Fe;Se, is a type-II superconductor.
A linear-H dependence of diamagnetic susceptibility with a
negative slope can be observed in the low-field range below
~300 Oe, which further confirms that the steep decrease of x
originates from the superconducting transition, and suggests a
lower critical field H.; ~ 300 Oe at 5 K.
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FIG. 3. (Color online) (a) The magnetizations (M) taken under
various external pressures with H = 10 Oe in the ZFC mode. Before
the measurement, the LiFeO,Fe,Se, sample was annealed under a
high pressure of 5 GPa at T = 150°C for 5 h. The inset shows
the zoom-in view around the superconducting transitions. The arrow
shows the beginning of the drop of M at 1 GPa, which represents
the way to define 7, as shown in (b). (b) Pressure dependence of the
superconducting transition temperatures 7.

Figure 3(a) presents the magnetization of annealed
LiFeO,Fe,Se; under various pressures with H = 10 Oe in
the zero-field-cooling process, and Fig. 3(b) summarizes the
pressure dependence of 7.. The 7. monotonically decreases
with increasing external pressure, indicating the suppression
effect of pressure on superconductivity in LiFeO,Fe,Se;. As
the external pressure increases from O to 1 GPa, T; decreases by
~5 K with a negative slope d[T./T.(0)]/d P ~ —0.12 GPa L.
This value is larger than that observed in K Fe;_,Se; single
crystals.’® The difference can be attributed to the much larger
height of the anion from the Fe layer () in LiFeO,Fe;Se;
(1.527 A, inferred from the refined parameters in Table I)
than that in K Fe,_,Se, (1.459 A, calculated from the
crystallographic data in Ref. 12). As will be discussed later,
the T is closely related to the chalcogen height, which can be
easily suppressed by external pressure.?’

In the FeAs-derived superconductors, T, is found to be
closely correlated to the anion height (4) from the Fe plane
within the FePn (Pn = As, P) layer.”® As shown in Fig. 1 of
Ref. 28, T, reaches a maximum at i1y ~ 1.38 A and decreases
rapidly with a deviation of # from /(. We can also examine this
correlation for FeSe-derived compounds. In Fig. 4, we plot T,
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FIG. 4. (Color online) T. vs chalcogen (Se) height for the FeSe-
derived superconductors. The data for FeSe under high pressure are
from Ref. 29, indicated by blue solid squares. Red solid circles
are the data of the intercalated FeSe superconductors from Ref. 12
(K Fe,_,Se»), Ref. 16 [Lig c(NH,).2(NH3)o sFe,Ses |, and the present
work.

as a function of chalcogen (Se) height from the Fe layer for
FeSe-derived superconductors, which shows that the T, is also
related to the anion height in iron selenide superconductors.
It is evident that 7. monotonically increases when the anion
height from the Fe layer deviates from 1.45 A to a lower or
a higher value. Such a V-shaped & dependence of T, in FeSe-
derived superconductors is in sharp contrast to the inverse V-
shaped one in FeAs-based superconductors. In LiFeO,Fe,Se,,
the anion height is 1.527 A, which is much larger than the
value of 1.45 A in FeSe.? By applying external pressure, the
value of the anion height can be reduced, and according to
the plot in Fig. 4, T, should decrease. Indeed, this is what
we have observed in LiFeO,Fe,Se,, as shown in Fig. 3(b). A
similar pressure dependence of 7, has been observed also in

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 89, 020507(R) (2013)

K,Fey_,Se,,””-3 which is consistent with the general trend
for compounds with a large anion height shown in Fig. 4.

Both the LiFeO, and FeSe layers in LiFeO,Fe,Se, are
electrically neutral, so the LiFeO, layers do not act as electron
donors, while other FeSe-derived superconductors with a Se
height larger than 1.45 A are heavily electron doped. In
this regard, changing the carrier concentration by the ratio
of Li/Fe can probably control 7. or achieve a higher T, in
LiFeO,Fe,Se;. In addition, it is reported that the extension of
the lattice in the ab plane can lead to an increase of 7..%!
Thus, it is possible to increase T, by adjusting the anion
height or lattice constants of the ab plane with different spacer
layers in FeSe-derived superconductors. On the other hand, as
reported in Ref. 32, a-LiFeO, shows antiferromagnetism with
a large effective moment of 4.53(3)up and a Weiss constant
of —186(3) K, and the magnetic transition temperature is
dependent on the degree of cation ordering. Since the spin
degree of freedom plays an important role in iron-based
high-T, superconductors,® it is quite significant to study the
effect of magnetism in the LiFeO, layer on the FeSe layer to
understand high-T7; superconductivity.

In the present work, we have synthesized a FeSe-based
layered material LiFeO,Fe,Se, through the hydrothermal re-
action method, in which an anti-PbO-type LiFeO, spacer layer
was intercalated between FeSe layers. The superconductivity
therein can reach as high as 43 K, which is much higher than
8 K in B-FeSe. This work expands the categories of iron-based
superconductors and opens a window to achieve higher T in
iron-based superconductors.
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