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The FeSe compound is the simplest high-temperature superconductor (HTSc) possible, and relatively cheap,
not containing any rare-earth material. Although the transition temperature, Tc, is just below 10 K, the
upper critical fields are comparable with other HTSc. Preparing FeSe using solid-state sintering yields samples
exhibiting strong ferromagnetic hysteresis loops (MHLs), and the superconducting contribution is only visible
after subtracting MHLs from above Tc. Due to the complicated phase diagram, the samples are a mixture of
several phases, the superconducting β-FeSe, and the non-superconducting δ-FeSe and γ-FeSe. Furthermore,
antiferromagnetic Fe7Se8 and ferromagnetic α-Fe may be contained, depending directly on the Se loss during
the sintering process. Here, we show MHLs measured up to ±7 T and determine the magnetic characteristics,
together with the amount of superconductivity determined from M(T ) measurements. We also performed
a thorough analysis of the microstructures in order to establish a relation between microstructure and the
resulting sample properties.

PACS numbers: 74.70.Xa, 74.25.Ha, 74.25.N-, 61.46.-w

I. INTRODUCTION

The member of the iron-based superconductor (IBS)
family with the simplest composition is FeSe (”11”).1,2

This material is not only interesting from the basic
physics point of view,3–5 but also for applications as the
grain boundaries (GBs) may not be not obstacles as for
the cuprate 123-HTSc,6 and the main properties are like
other high-temperature superconductors (HTSc), that is,
high upper critical fields Hc2, high current densities jc,
and not being prone to flux jumps. Most importantly,
the material is free of rare-earths and toxic elements.7,8

Thus, it is interesting to use FeSe for metal-sheathed
tapes,9,10 but also for bulk applications like supercon-
ducting trapped field (TF) magnets.11

Now, many problems for the sample preparation ap-
pear due to the relatively complicated phase diagram of
FeSe.12–15 It was found that the composition Fe1Se1−δ

is extremely sensitive to the correct stoichiometry.14,15

a)Electronic mail: Email address: m.koblischka@gmail.com,
miko@shibaura-it.ac.jp

All this makes the preparation of single crystals very
difficult,16 and the preparation of bulk, polycrystalline
samples required for TF magnets is even more compli-
cated. This was demonstrated by Diko et al.

17 using op-
tical polarization microscopy together with x-ray data.
Furthermore, antiferromagnetic (AF) Fe7Se8 and ferro-
magnetic (FM) α-Fe particles may be contained, depend-
ing directly on the Se loss during the sintering process.
Thus, the preparation route to achieve good samples

for applications must consider all the phase relations, and
furthermore, recent results18 have demonstrated that the
critical currents obtained by the simple solid-state sinter-
ing are similar to that of the direct competitor, MgB2,
without additional flux pinning sites, but not yet suffi-
cient for most bulk applications.
So, it is strongly required to learn more about the mi-

crostructures achieved in the sintering processes to devise
a better suited preparation technique. In the present con-
tribution, we employ optical and electron microscopy to
gain a better understanding how the samples prepared
by solid-state sintering are composed. The other impor-
tant issue is how the presence of the secondary magnetic
phases affect the superconducting properties.
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FIG. 1. (a) Magnetization hysteresis loops (MHLs) of a poly-
crystalline FeSe (initial composition Fe:Se=1:1.05) sample at
4.2 K ( ) and 20 K (•). (b) Superconducting hysteresis loop
after simple subtraction.

II. EXPERIMENTAL PROCEDURE

Polycrystalline FeSe samples were prepared by solid-
state sintering, starting from commercially available
metallic Fe (99.9 % purity) and Se (99.5 % purity) pow-
ders. The powders were mixed together by ball-milling
under Ar atmosphere. The resulting powder mixture was
then pressed into pellets (5 mm diameter, 2 mm thick,
0.3 g) using uniaxial pressure of 10 MPa. The pellet
was wrapped in Ta foil19 and sealed into an evacuated
quartz tube. The samples were then heated up to 700
◦C with a rate of 50 ◦C/h and held there for 1 h. Then,
the temperature was reduced to 400 ◦C in 30 min and
maintained there for 40 h to enable the growth of the
β-FeSe phase. Finally, the quartz tube with the sample
was air-quenched to reach room temperature in about 5
min to avoid a low-temperature phase transformation.14

To find the optimum conditions for our furnace system,
the Se content δ was varied between 0.9 and 1.2. All
products were checked using x-ray diffraction (XRD) in a
powder diffractometer (Rigaku Ultima IV), using Cu-Kα

radiation. Quantitative analysis was performed with the
software Match! for Rietveld refinements. Typical XRD
data are given in the Supplementary Materials. For mi-
croscopy, the sample surfaces were mechanically polished
using silicon carbide papers and diamond paste with al-
cohol as lubricant20 For magnetometry, small samples
(∼1.5 × 1 × 0.7 mm3) were cut from the big pellets. For
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FIG. 2. Magnetization as function of the Se deficiency δ (T =
150 K, up to 9 T applied field). The solid line is a guide
to the eye. The symbols ( ) are the data of Ref. 15, the
open symbols are the present work. The dashed lines give the
saturation magnetization of our samples together with the
precursor composition.

resistance measurements, small bars (5 × 1 × 1 mm3)
were prepared, and the contacts were fixed with silver
paint, ensuring about 3.5 mm distance between the volt-
age pads. The magnetic characterization measurements
were performed using SQUID magnetometry (Quantum
Design MPMS3) and the magneto-resistance characteris-
tics were recorded using an Oxford Instruments 10/12 T
Teslatron system with λ-plate. Polarization images were
taken using a Zeiss Microplan system. Electron backscat-
ter diffraction (EBSD) was performed employing a Zeiss
Sigma VP microscope operating at 20 kV with Oxford In-
struments EBSD detector and TSL analysis. The work-
ing distance was chosen to be 17 mm, the stepsize was
160 nm.

III. RESULTS AND DISCUSSION

Figure 1 (a) presents magnetization hysteresis loops
(MHLs) of a FeSe (initial composition Fe:Se=1:1.05)
sample, taken at 4.2 K ( ) and 20 K (•). The 20 K-loop
is clearly above the superconducting region and shows
ferromagnetic behavior with a small hysteresis. The 4.2
K-loop presents a combination of a ferromagnetic with a
superconducting signal. At high fields above 6 T, both
loops are nearly identical, but around zero field, the su-
perconducting contribution (zero-field peak) is obvious.
In (b), the simple subtraction of both loops is shown.
The resulting MHL is asymmetric, which may stem from
the polycrystalline character. However, the simple sub-
traction assumes that the two contributions are fully in-
dependent from each other. Measuring a large number
of such MHLs demonstrated that this is not the case.
This effect of the interaction of the magnetic and super-
conducting contributions will need to be investigated in
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FIG. 3. (a) Polarization image of a polycrystalline FeSe
(Fe:Se=1:1.05) sample, (b) SEM image.

more detail, determining the Meissner currents.

Figure 2 shows a plot of the magnetization (in units
of µB/formula unit) as function of δ, the Se content
in the formula Fe1Se1−δ, following Williams et al.

15 In
this way, it becomes possible to establish a relation be-
tween the prevailing magnetism and the Se content in
the sample. The β-FeSe phase is non-magnetic, Fe7Se8 is
antiferromagnetic21, and especially, eventually unreacted
(due to Se loss) α-iron is ferromagnetic. Furthermore, we
must note that the remaining high-temperature phase δ-
FeSe (space group P63/mmc, NiAs-type), which may be
present in the samples, gives a background magnetiza-
tion of 0.012 µB/f.u.,

22 which cannot be avoided as the
conversion from δ-FeSe to β-FeSe cannot be complete.17

The minimum of the curve in Fig. 2 is found, however,
at 0.027 µB/f.u., which implies that there is an addi-
tional FM contribution, which may be α-Fe. This was
not commented in Ref. 15. In our case, the minimum
magnetization was 0.04 µB/f.u., and the corresponding
x-ray results let us conclude that this point is on the
side δ > 0. Thus, the stoichiometry of Se in the start-
ing mixture is crucial: If there is too much Se present
in the sample, AF-Fe7Se8 will form, and if the Se loss
is too high, unreacted FM α-iron will be found in the
sample. The XRD analysis obtained via Match! gives
74.2 vol.-% β-FeSe and 25.8 vol.-% δ-FeSe for the sam-
ple Fe:Se=1:1.2, and 85.2 vol.-% β-FeSe and 14.8 vol.-%
δ-FeSe for the sample Fe:Se=1:1.2, with the other phases
treated as minor contribution. As the resulting particles
or grains are in the nanometer range, it is difficult for
common XRD to detect these contributions. Addition-
ally, most of the peaks in the XRD diagram overlap each
other, so it is not trivial to distinguish these phases. One
possibility to obtain this information are the peaks at
2Θ = 44.73◦ (α-Fe) and 50◦ (Fe7Se8), which may enable
to judge if δ is positive or negative. Thus, we decided
to run EBSD to obtain a spatially resolved information
about the phase distribution in our samples.

Figure 3 presents a polarization image, revealing twin
patterns in the FeSe grains. (b) gives a SEM image,
showing the FeSe grains (platelet-like shape) and the re-
maining pores in the sample. The density of the present
samples is about 65 % of the theoretical value.

Figure 4 shows the EBSD results on the polycrystalline

(a)

(d)

(e)

(c)

(b)

(d)

FIG. 4. EBSD analysis results on the sample Fe:Se=1:1.05.
(a) Image quality map, (b) phase map, (c) IPF map for all
phases together, (d) IPF map for β-FeSe separately, and (e)
the inverse pole figures in [001]-direction for β-FeSe (left),
α-Fe (middle) and Fe7Se8 (right).

FeSe sample (Fe:Se=1:1.05). Image (a) is a gray-scale
image quality map of the sample section (82 × 62 µm2)
studied, which resembles an SEM image, but in EBSD
condition with 70◦ incline. Image (b) presents the phase
mapping: The light blue color indicates the supercon-
ducting β-FeSe phase, pink stands for α-iron and blue for
Fe7Se8. Here it is interesting to note that both magnetic
phases appear together inbetween the β-FeSe grains. The
overall amounts detected by EBSD are 54.4 % β-FeSe,
17.4 % α-Fe and 10.5 % Fe7Se8. The remainder are pores,
and non-indexed points including γ- and δ-FeSe. Note
that these are data within the given surface. Therefore,
this composition may vary with position. The dominat-
ing phase is always β-FeSe, and thus, purely supercon-
ducting paths exist in the sample. Image (c) presents an
inverse pole figure (IPF) map in [001]-direction (i.e., per-
pendicular to the sample surface), showing the crystallo-
graphic orientation of all phases together, and (d) gives
the orientation of the β-FeSe grains separately. The mea-
sured Kikuchi patterns were indexed as β-FeSe (JCPDS
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FIG. 5. Hc2(T )-data ( ) obtained from resistance measure-
ments on a FeSe sample (Fe:Se=1:1.05). The green (WHH)
and red (with spin-paramagnetic effect) fits determine Hc2(0).
The inset presents R(T ) and dR/dT (6 T applied field). The
arrow points to the onset of superconductivity at ∼12 K.
The data points at T = 0 K give the results of other works:
Hc2(0) = 12 T (Ha ‖ c, △), 29 T (Ha ⊥ c, N)23 and 59 T
(FIC analysis, •).24

file 030533, tetragonal, space group P4/nmm [129], PbO-
type), α-iron (bcc) and Fe7Se8 (triclinic, space group
P3121). The color codes for the grain orientations are
given in the stereographic triangles below the maps. Fi-
nally, (e) shows the inverse pole figures in [001]-direction
for β-FeSe, α-Fe and Fe7Se8. From these maps, we see
that the β-FeSe grains are not randomly oriented, but
shows some distinct maxima. Furthermore, there is a
needle-like arrangement of the grains with several inter-
growths and other phases embedded within them. The
strong orientation deviation leads to many high-angle
grain boundaries, which are obstacles to the current flow
even if the grain coupling in FeSe should be much bet-
ter than in cuprate HTSc samples. According to Diko
et al.,17 the δ-FeSe formed in the first heating step un-
dergoes a martensitic transformation below 457 ◦C, thus
some longer dwell time below this temperature is required
to allow the growth of β-FeSe. Also, due to this trans-
formation, there are only some major directions of the
β-FeSe as seen in the corresponding pole figure.

Having obtained these microstructure results, it is clear
that in polycrystalline, bulk FeSe samples, there will
always be some ferromagnetic contribution present due
to remaining δ-FeSe, even if the extra phases α-Fe and
Fe7Se8 can be avoided by properly selecting the start-
ing composition. Thus, the superconducting properties
of such samples will be always affected by this magnetic
contribution. This is especially evident when extract-
ing data for Hc2, where superconductivity vanishes com-
pletely. Such data can be obtained from magnetoresis-
tance measurements with a criterion to define the first
onset of superconductivty. Typically, a criterion of 99
% RN is applied,25 where RN is the normal state re-

sistivity. R(T,Ha)-curves of our samples were already
published26, so we focus here on the extracted data for
Hc2 (sample Fe:Se=1:1.05). Figure 5 shows the result-
ing data measured up to 10 T applied field. The on-
set of superconductivity takes place at ∼12 K, whereas
the main superconducting transition is found at 8.5 K
(inset showing the resistive transition at 6 T applied
field and its temperature derivative). The available field
range is clearly not sufficient, so we need an extrapolation
of the data towards 0 K. Commonly, the Werthamer-
Helfand-Hohenberg (WHH) approach is employed for
this purpose.27 As shown by Cao et al., this approach
using the parameters α =0, λso =0 leads to a clear over-
estimation of Hc2 in FeSe, yielding about 40 T for Ha ‖ c
on a signle crystalline sample. A similar value of ∼ 57 T
(•) was obtained from a fluctuation-induced conductiv-
ity study using our experimental data on polycrystalline
FeSe.24 When considering the spin-paramagnetic effect
according to Ref. 28, then the fit using the parameters
α =2.9 and λso = 0 gives Hc2 = 25 T (randomly ori-
ented polycrystal), which compares well to the result of
Cao et al. with 12 T (H ‖ c, △) and 29 T (H ⊥ c,
N). The Hc2(0)-values of FeSe deduced with the spin-
paramagnetic contribution thus compare well with the
data of other IBS materials.23,29

These results for Hc2(0) clearly demonstrate that the
superconducting properties of FeSe are affected by the
magnetism of Fe, and in the case of bulk, polycrystalline
samples, the situation is even worse due the presence
of AF or FM phases. Thus, the superconducting FeSe
grains in such samples will always experience the local
magnetic field created by the secondary phase particles.

IV. CONCLUSIONS

To conclude, we discussed the various phases appearing
in superconducting bulk, polycrystalline β-FeSe samples
intended for trapped field applications. By adjusting the
Se-content in the precursor material to the given furnace
setup, it is possible to minimize the magnetic contribu-
tion, but a fully non-magnetic sample cannot be obtained
due to the presence of needle-like δ-FeSe, which is not
converted to β-FeSe during the heat treatment. The re-
sulting microstructure is thus very complicated including
several phases. To obtain good quality, bulk FeSe sam-
ples, which are useful for trapped field applications, a
treatment leading to a higher sample density is strongly
required.

SUPPLEMENTARY MATERIAL

See supplementary material for the x-ray data of the
FeSe samples.
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