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Synthesis and characterization of the layered iron-selenide Na0.8Fe1.6Se2
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An iron-selenide Na0.8Fe1.6Se2 single crystal has been successfully synthesized using a self-flux method.
The electrical resistivity measurement shows that this material exhibits semiconducting behavior in the whole
temperature range, with an anomalous increment of resistivity at Ts ∼ 595 K. By varying the concentrations
of Na and Fe, a small volume of superconducting phase could be achieved with a critical temperature of
Tc ∼ 34 K. Structural characterization shows that, similarly to K0.8Fe1.6Se2, the Na0.8Fe1.6Se2 phase exhibits
clear superstructure with a modulation wave vector of q = (3/5,1/5,0) caused by the Fe-vacancy order within
the a-b plane.
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I. INTRODUCTION

The occurrence of superconductivity in the simple layered
FeSe compound with the edge-sharing FeSe4 tetrahedron has
generated tremendous research interest. Bulk FeSe exhibits su-
perconductivity with Tc ∼ 8 K at ambient pressure [1], which
can be dramatically raised up to ∼37 K with the application
of high pressure [2]. Most surprisingly, a record high Tc of
∼65 K has been detected in the single-layer FeSe films grown
on SrTiO3 substrate [3]. By intercalating Am (Am = K, Rb,
Cs, and Tl) between the FeSe layers, the superconductivity was
observed at ∼30 K in Am1−xFe2−ySe2 [4–7]. Amazingly, these
new superconductors exhibit several unique characteristics,
such as the intrinsic vacancy ordering [8–10], the AFM
ordering with an extremely large magnetic moment on the
Fe site at a very high temperature just below the Fe-vacancy
ordering temperature [10], and the absence of a holelike
Fermi surface around the center of the Brillouin zone [11,12],
which are present in the other iron-based superconductors
and challenge the proposed pairing mechanism of interband
scattering [13,14]. Later, intrinsic phase separation [15–17]
was observed in these materials, which includes an AFM
insulating/semiconducting phase with formula Am0.8Fe1.6Se2

(the so called 245 phase), a metallic-superconducting phase
with formula Am1−xFe2Se2 (0 � x � 0.7), and even another
insulating/semiconducting phase with formula AmFe1.5Se2

(the so called 234 phase) [18]. Up to now, there are
still unsettled issues [15,16,19] remaining controversial and
requiring further research, especially the composition and
nature of the superconducting phase, the relationship between
the superconducting phase and the AFM phase, and the
stoichiometry and magnetic ground state of the parent phase.
In order to clarify these issues, it is crucial to improve the
quality of the single-crystalline samples and to explore new
isostructural iron chalcogenide superconductors and other
related materials. Here, we report the detailed synthesis
and characterization of iron-selenide Na1−xFe2−ySe2. Our
result shows that Na0.8Fe1.6Se2 behaves semiconducting and
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undergoes a Fe-vacancy order to disorder transition at about
595 K. And superconductivity with a critical temperature of
Tc ∼ 34 K can be achieved at certain composition, but as a
small volume fraction coexisting with the Na0.8Fe1.6Se2 phase
in a phase-separated manner.

II. EXPERIMENTAL DETAILS

Single-crystalline samples of Na1−xFe2−ySe2 were pre-
pared by the self-flux method. The starting material FeSe
was first synthesized by reacting Fe powder (Alfa, 3N5)
with Se powder (Alfa, 5N) at 400 ◦C for 200 h. Then, Na
pieces (Alfa, 2N5) and FeSe powder were put into an alumina
crucible with nominal composition Na1−δFe2+ζ Se2 (0 � δ �
0.5, 0 � ζ � 0.5), and the alumina crucible was evacuated
and sealed into a thick-walled quartz tube. The quartz tubes
were annealed at 700 ◦C over 20 h and cooled down to 400 ◦C
at a rate of 3 ◦C/h. Platelike crystals of Na1−xFe2−ySe2 with
shiny surfaces up to 1 × 1 × 0.2 mm3 can be grown. The
crystals were characterized by x-ray diffraction (XRD) using
a PANalytical diffractometer with Cu Kα radiation at room
temperature. The average stoichiometry was determined by
energy-dispersive x-ray (EDX) spectroscopy. DC magnetic
susceptibility was measured from 10 K to 60 K using a
Quantum Design PPMS-14. The resistivity from 2 K to
380 K was measured by a standard four-point probe technique
using the Quantum Design PPMS-14, and above 380 K
was measured with an alternative current resistance bridge
(LR700P) by using a type-K chromel-alumel thermocouple as
a thermometer in a vacuum oven. Microstructure investigations
were performed on an FEI Tecnai-F20 transmission electron
microscope (TEM) equipped with a double-tilt holder. The
TEM samples were prepared in the glove box by gently
crushing the single crystals.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern for the single-crystal grown
from the nominal composition Na0.6Fe2Se2 (batch 1). Only the
(00l) reflections can be recognized, which indicates that the
crystals were perfectly oriented along the c axis. The lattice
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FIG. 1. (Color online) Single-crystal XRD pattern of
Na0.8Fe1.6Se2 (sample 1A) taken at room temperature. The
inset shows a crystal with the typical dimension of 0.6 × 0.5 ×
0.2 mm3.

parameters of a = 8.62 Å, c = 13.25 Å were calculated based
on space group I4/m(87) from powder XRD data collected
at room temperature (not shown here). It can be seen that the
lattice parameters are evidently smaller than those observed in
the K counterpart [20], which is reasonable because the Na ion
has a much smaller radius than the K ion. The average atomic
ratio determined from EDX is Na : Fe : Se = 0.82 : 1.636 : 2
(close to 2 : 4 : 5), which is consistent with that of the other
245 iron selenides and indicates that this compound is a 245
family member. Thus we write in the more familiar notation
Na0.8Fe1.6Se2 for this sample.

Figure 2 gives the in-plane resistivity as the function of
temperature for single-crystal Na0.8Fe1.6Se2 which is picked up
from batch 1 (sample 1B). It increases rapidly with decreasing
temperature and exhibits semiconducting characteristics. This
in-plane resistivity can be described by an Arrhenius tem-

FIG. 2. Temperature dependence of the in-plane resistivity (log
scale) for single crystal Na0.8Fe1.6Se2 (sample 1B). Inset: lnρ as a
function of 1/T.

FIG. 3. (Color online) Temperature dependence of the in-plane
resistivity (log scale) for Na0.8Fe1.6Se2 (sample 2A). The inset shows
the temperature dependance of in-plane resistivity and magnetization
measured with a magnetic field of 50 Oe applied parallel to the c axis
from 10 K to 60 K.

perature dependence, ρ = ρ0 exp(Ea/kBT ), where kB is the
Boltzmann constant. The activation energy Ea was estimated
to be 183.6 meV (the fitting line shown as the inset of Fig. 2),
which is larger than the activation energy of TlFe1.3Se2 ∼
80.2 meV [6].

In K1−xFe2−ySe2, due to the presence of phase separation,
by varying the contents of K and Fe, the volume fraction of
different phases changes and the resistivity exhibits different
characteristics (from metallic-superconducting to semicon-
ducting/insulating) [21]. A similar approach was used to
investigate the possible superconductivity in Na1−xFe2−ySe2.
However, our systematic results show that the contents of Na
and Fe in the prepared single crystal cannot be efficiently
controlled by tuning the nominal composition in the starting
materials, due to the formation of the Na3Fe2Se4 in the batch.
Fortunately, a small volume fraction of the superconducting
phase can be detected for the sample grown from the nominal
composition of Na0.6Fe2.1Se2 (batch 2), as shown in Fig. 3.
Although we cannot rule out other possibilities due to the small
fractions of the superconducting component in the sample,
we believe that superconductivity can be deduced in the
NaxFe2Se2 system via proper chemical tuning, similarly as
in the well-studied AmxFe2Se2 [4–6]. The superconducting
transition temperature Tc inferred from the weak diamagnetic
signal and the resistivity anomaly is ∼34 K (the inset of
Fig. 3), which is slightly higher than potassium iron-selenide
compounds. Due to the much smaller ionic radius of Na
(0.95 Å), in comparison with K (1.33 Å), although the
superconducting phase can still be found to coexist with the
245 phase in a similar phase-separated manner, the content is
dramatically decreased. It has been previously reported that
the Na and NH3 molecules can be co-intercalated between the
FeSe layers to form a ThCr2Si2-type superconducting phase
with Tc at about 46 K [22]. Our result further indicates that
the decrease of ionic radius disfavors the formation of the
stable ThCr2Si2-type AmxFe2Se2 phase.
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FIG. 4. (Color online) (a) Electron diffraction patterns of
Na0.8Fe1.6Se2 (sample 2B) taken along the [001] zone-axis direction,
displaying the typical modulation of q = 1/5(3a∗ + b∗) due to the
Fe-vacancy ordering in the Fe-Se layer. (b) Electron diffraction
pattern and (c) high-resolution TEM images taken from a twinned
area. (d) Electron diffraction pattern taken from small fraction of
samples, showing the basic unit cell with no superstructure within the
a∗-b∗ reciprocal plane.

The temperature dependence of the in-plane resistivity for
sample 2A at temperatures up to 650 K is plotted in Fig. 3. A
structural transition takes place at Ts = 595 K, below which the
resistivity begins to increase sharply. The structural transition
in other 245 materials Am0.8Fe2−ySe2 (Am = Cs, Rb, and K)
have been determined by resistivity measurement with Ts =
525 K, 540 K, and 551 K, respectively [7], which becomes
higher with the decreasing of the lattice parameters. Therefore,
the much higher Ts of Na0.8Fe1.6Se2 is reasonable considering
the appreciably smaller lattice parameters.

In order to better understand the correlation between the
microstructural features and the physical properties in the
present system, we performed TEM observations at room

temperature. Figure 4(a) shows typical SAED patterns taken
from a number of crystals picked up from batch 2 along the
[001] zone axis direction, illustrating the structural features
of this sample. The main diffraction spots with relatively
strong intensity can be well indexed by the known tetragonal
structure, which is consistent with the x-ray-diffraction results.
It is recognizable that, in addition to the main diffraction
spots, superlattice spots with wave vector q = (3/5,1/5,0)
are clearly visible in the a∗-b∗ plane of reciprocal space,
which are very similar to the superlattice spots reported for
K1−xFe2−ySe2 [8] caused by Fe-vacancy ordering in the Fe-Se
layer. Another notable structural feature observed in our TEM
investigations is the structural twinning, which could give
rise to interesting microstructure phenomena as illustrated in
Figs. 4(b) and 4(c). Electron diffraction observations occasion-
ally reveal a well-defined basic unit cell with no superstructure
as shown in Fig. 4(d), which is possibly connected with a small
fraction of superconducting phase observed in the χ (T ) and
ρ(T ) measurements.

IV. CONCLUSIONS

In conclusion, a layered iron-selenide Na0.8Fe1.6Se2 sin-
gle crystal has been successfully synthesized. TEM and
XRD measurements show that, similarly to K0.8Fe1.6Se2,
Na0.8Fe1.6Se2 also demonstrates evident superstructure along
the [310] direction caused by Fe vacancy ordering; the anomaly
observed at about 595 K in the resistivity measurement is likely
caused by the Fe vacancy disorder-order transition. Moreover,
a small volume of superconducting phase with Tc ∼ 34 K
could be produced by varying the contents of Na and Fe of the
starting materials.
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