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Abstract: To observe the difference of atomic heights between the Se andTe layers
with respect to the Fe layer in FeSe

0.4
Te
0.6

single crystal, a Fe 𝐾𝛼 fluorescence X-
ray holography (XFH) experiment was performed at room temperature. The crys-
tal structure of superconductor FeSe

0.4
Te
0.6

obtained by X-ray diffraction (XRD)
at a low temperature has distinct 𝑧-coordinates of Se and Te, remarkably differ-
ent from each other. The reconstructed atomic image around central Fe atoms by
XFH, however, reveals the different and complex results.
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Figure 1: Layer structure in the FeSe
0.4
Te

0.6

tetragonal crystal [2]. Balls indicate Te,
and Fe, and Se atoms.

Table 1: Atom position in FeSe
0.4
Te

0.6
single crystal obtained by XRD [1].

Atoms Occupancy 𝑥 𝑦 𝑧

Fe 1
3

4

1

4
0

Se 0.4
1

4

1

4
0.2468(7)

Te 0.6
1

4

1

4
0.2868(3)

1 Introduction
FeSe
x
Te
1−x

is one of the simplest Fe-based superconductors, and has intensively
been studied concerning the interplay between structural or magnetic degrees of
freedom and superconductivity. It is widely accepted that magnetic fluctuations
play a very important role for their superconducting nature.

Figure 1 shows the crystal structure of FeSe
x
Te
1−x

determined by XRD (space
group P4/nmm, lattice constant 𝑎 = 3.7996 Å, 𝑐 = 5.9895 Å) [1]. The crystal struc-
ture of FeSe

x
Te
1−x

is an isovalent substitution ofTe for Se inFeSe. Since Se andTe
have quite different ionic radii: 𝑟

Se
= 1.98 Å and 𝑟

Te
= 2.21 Å, respectively [2], they

have different 𝑧-coordinates as shown in Table 1 [1]. A density functional calcula-
tion study revealed a strong sensitivity of the magnetic moment to the chalcogen
heights, i.e., the distances of the Se/Te layers from the Fe plane [3].
Fe-based superconductors show differential superconducting properties by

the various pressure effects [4]. 𝑇c of almost Fe based superconductors included
FeSe under high pressure show higher𝑇c than those under the ambient pressure,
and anion height dependence of 𝑇c shows symmetric curve with a peak around
1.38 Å. It agrees with the unique curve for not only ambient pressure but also un-
der high pressure. However, FeSe

0.4
Te
0.6

does not obey this curve, and the anion
height of FeSe

0.4
Te
0.6

under high pressure ismuch higher than that expected from
the unique curve. One of the obvious differences between FeSe and FeSe

0.4
Te
0.6
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is whether the disorder exists at the anion site or not. If 𝑇c of the Fe-based su-
perconductor strongly depends on the anion height, the disorder at the anion site
should strongly affect the superconducting properties of the Fe-based supercon-
ductor. Thus, to observe the local disorder at the anion site is required for the
further understanding of superconductivity.

To examine the validity of the XRD result, a different technique is necessary
to precisely obtain the local structure around theFe atoms. TheX-ray fluorescence
holography (XFH) is a newly developed technique that enables one to draw three-
dimensional (3D) atomic images around a specific element emitting fluorescent
X-rays [5]. Due to the interference between the direct incident X-rays and those
scattered by the surrounding atoms, the fluorescent X-ray intensity from the emit-
ter slightly modulates with the incident X-ray angles by about 0.1%, from which
3D images canbe obtained by simple Fourier transformswithout any specialmod-
els.WehaveperformedFe𝐾𝛼XFHmeasurements onanFeSe

0.4
Te
0.6

single crystal
at room temperature. In this paper, we report atomic images of Se and Te around
the central Fe atom and discuss the different roles of the Se and Te atoms for the
superconducting nature in the crystal.

2 Experimental procedure
A single crystal of FeSe

0.4
Te
0.6

superconductor was grown using a slow-cooling
method from its melt. In the slow-cooling method, FeSe

0.4
Te
0.6

polycrystal was
placed in a BN crucible sealed in an Ar-filledMo capsule. It was then heated to
1150
∘
C, followed by cooling to 780 ∘C for 80 h, and then cooled to room tempera-

ture. The crystal was cut and polished so as to have a (001) flat surface larger than
3 × 3mm

2. The crystalinity of the sample was examined by taking a Laue photo-
graph, and the concentration and homogeneity over the sample were confirmed
within the experimental errors by an electron-probe micro-analysis.

XFHmeasurements were carried out at the beamline BL39XU in the SPring-8,
Hyogo, Japan. Figure 2 shows a schematic diagram of the XFH experiment. The
sample was placed on a two-axes table of a diffractometer installed at the beam-
line. Themeasurements were performed in inversemode by rotating two axes, the
exit angle of 0∘ ≤ 𝜃 ≤ 75∘ in steps of 1.00∘, and the azimuthal angle of 0∘ ≤ 𝜑 ≤ 360∘

in steps of about 0.3∘, of the sample stage. Incident X-rays were focused onto the
(001) surface of the sample. Fe 𝐾𝛼 fluorescence X-rays were collected using an
avalanche photodiode detector with a toroidal graphite crystal energy-analyzer.
The XFH signals were recorded at eight different incident X-ray energies from 7.5
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Figure 2: Schematic diagram of the XFH
equipment.

to 11.0 keV in steps of 0.5 keV. Each scan took about 3 h. Details of the XFH ex-
perimental technique are given elsewhere [5].

Holographic oscillation data were obtained by subtracting the background
from the fluorescent X-ray intensities and by normalizing them to the incident X-
ray intensities. An extension of the hologram data was carried out using the crys-
tal symmetry of the tetragonal structure and the measured X-ray standing wave
lines, using a twofold rotational symmetry around the ⟨001⟩ direction and a mir-
ror symmetrywith the (110) plane. From the holographic patterns, 3Datomic con-
figuration images were reconstructed using Barton’s algorithm [6] by superimpos-
ing the holograms with eight different incident X-ray energies, which can highly
suppress the appearance of twin images. Details of the data analysis are given
elsewhere [7].

3 Results and discussion
Figure 3 shows an example of the Fe 𝐾𝛼 hologram pattern of the FeSe

0.4
Te
0.6

sin-
gle crystal measured at an incident X-ray energy of 7.5 keV. The radial and angle
directions indicate𝜃 and𝜑, respectively, and themagnitudes are givenas the color
bar shown beside the figure. A twofold symmetrywas observed in the holographic
pattern, indicating a good quality of the sample crystal.

Figure 4 shows the reconstructed atomic images of FeSe
0.4
Te
0.6

single crystal
on the (001) plane around the central Fe atom marked by a circle. The dashed
lines indicate the boundary of unit cells obtained by XRD [1]. Fe atoms should be
observed on intersections of dashed lines and the centers of the unit cell squares.
As seen in Figure 4, the first-neighbor Fe atoms on this plane are observed at po-
sitions nearer than the center of squares around the central Fe atom. The second-
neighbor Fe atoms on this plane are located at a distant position with respect to
the intersections of the dashed lines. However, the third or more-distant Fe atoms
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Figure 3: An example of
Fe 𝐾𝛼 hologram pattern
obtained from a (001)
surface of the FeSe

0.4
Te

0.6

single crystal measured
at an incident X-ray
energy of 7.5 keV.

Figure 4: Atomic image of
FeSe

0.4
Te

0.6
single crystal

on the (001) plane at
𝑧 = 0 Å around the central
Fe atom. Areas
surrounded by dashed
line indicate unit cells.

on this plane are observed mostly at or slightly distant from the appropriate posi-
tions, where slight differences in the atomic positions may be due to the tempera-
ture difference. As a result, the structural distortions of the Fe atoms are found to
be limited within the second nearest neighbor.

The positions of the first-neighbor Fe atoms obtained from the present XFH
do not coincide with those from the previous XRD data [2]. It is highly possible
that images of the first-neighbor Fe atoms are largely deformed and shifted nearer
due to the noises or artifacts of the present XFHdata. Discrepancies in interatomic
distances are sometimes found between diffraction and XFH (XAFS) data as dis-
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Figure 5: (a) Two-sites of the Fe
atoms in the unit cell. Red balls
indicate Fe atoms. (b) The crystal
structure of FeSe

0.4
Te

0.6

observable by XFH (space group
P4/nbm).

cussed in our previous paper on GeTe crystal [8]. Namely, the diffraction detects
an average (or gravity) of atomic distributions, while the XFH (XAFS) observes
its peak position. If the atomic distribution is asymmetric, the average and peak
positions are different, and a difference between interatomic distances obtained
from diffraction and XFH is realized, which was confirmed by XAFS and ab initio
molecular dynamics simulation for GeTe crystal [8]. Even though such shifts are
taken into account, however, the present positional shifts seem to be too large.
To determine the exact positions of the Fe neighbors, we plan to carry out XAFS
measurement for the same sample.

Asmentioned above, it should be carefully observed how the Se andTe atoms
are located around the centralFe atoms in the crystal. For this, it should be under-
stood that the Fe atoms have two different central sites in the unit cell, as shown
Fe(1) and (2) in Figure 5(a). It is not possible to distinguish these two sites by the
XFH measurement, and XFH can observe a mixture of atomic images from two
different central Fe sites. Namely, the structure of FeSe

0.4
Te
0.6

observed by XFH
is not the original space group P4/nmm, but should be considered as the space
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a)

b)

Figure 6: (a) An atomic
image of the FeSe

0.4
Te

0.6

single crystal on the (001)
plane at the 𝑧 = 1.478 Å
(Se layer). (b) An atomic
image of the FeSe

0.4
Te

0.6

single crystal on the (001)
plane at the 𝑧 = 1.718 Å
(Te layer).

group P4/nbm, as shown Figure 5(b). Note that atomic image intensities of Se and
Te atoms should be a half of those produced using this figure.

Figures 6(a) and (b) show the reconstructed atomic imageson the (001) planes
at 𝑧 = 1.478 Å (the height of the Se plane) and at 𝑧 = 1.718 Å (that of theTe plane),
respectively. The image intensities of thesefigures arenormalized to themaximum
value the Figure 6(a) for the comparison, and are shown as the color bars beside
the figures. The image intensities of the first-neighbor Se/Te atoms as seen in Fig-
ure 6(a) are stronger than those in Figure 6(b), which is inconsistent with the XRD
result, i.e., the Se images in Figure 6(a) should be weaker than the Te images in
Figure 6(b), owing to the difference of X-ray scattering cross-sections between the
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a)

b)

Figure 7: (a) An atomic
image of FeSe

0.4
Te

0.6

single crystal on the (010)
plane at 𝑦 = 0 Å. Areas
surrounded by dashed
lines indicate the unit
cells. (b) An atomic image
enlarged near the center
of Figure 7(a) for the
clarity.

Se and Te elements. In addition, first-neighbor Se/Te atoms in Figure 6(a) show
elliptical atomic images along the radial direction as compared with those in Fig-
ure 6(b). These XFH results indicate that the positions of the Se/Te atoms are not
simple unlike the XRD result, and positional fluctuations are observed along the
radial directions. It is one of the excellent advantages of XFH that positional fluc-
tuations of independent atoms can be observed as 3D images.

On the other hand, the image intensities of second-neighbor Se/Te atoms in
Figure 6(b) are stronger than those in Figure 6(a), and located at mostly ideal po-
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Figure 8: An atomic image
of FeSe

0.4
Te

0.6
single

crystal on the (010) plane
at 𝑦 = 3.7996Å. Areas
surrounded by dashed
line indicate the unit cells.

sitions determined by XRD. From this, it is found thatTe atoms can also be located
at the height of the Se planes.

Figure 7(a) shows the reconstructed atomic images on the (010) plane around
the central Fe atoms at 𝑦 = 0 Å, and Figure 7(b) shows an enlarged image of Fig-
ure 7(a) for a detailed observation. The solid lines in Figure 7(b) indicate the posi-
tions of the Se/Te layers. Asmentioned above, the image intensity at𝑧 = 1.478 Å is
stronger than that at 𝑧 = 1.718 Å. Because the concentration ofTe atoms is larger
than that of Se atoms inFeSe

0.4
Te
0.6

single crystal ifTe atoms locate at the position
provided by XRD [1], the image intensity at 𝑧 = 1.718 Å should be much stronger
than that at 𝑧 = 1.478 Å. First-neighbor Se/Te atomic positions mainly fluctuate
in the angular direction on the (010) plane, which was, in regard to appearance,
observed in the radial direction on the (001) plane shown in Figure 6(a).

Figure 8 shows the reconstructed atomic imaged on the (010) plane at 𝑦 =
3.7996 Å. Namely, second-neighbor and third or more distant Se/Te atoms from
central Fe atoms canbe observed in this reconstructed image. In comparisonwith
Figure 7, second-neighbor Se/Te atomic positions hardly fluctuate in the angular
direction, and themaximum intensity point is 𝑧 = 1.7 Å,where agree withTe–Fe
layer height provide XRD. So, Se/Te atoms seem to stable by the long-range order
such XRDmeasurement, but those locally fluctuate in angular direction by short-
range order such XFHmeasurement. This may be correlated with the higer anion
height under high pressure.

The present XFH experiments at room temperature show interesting features
on the local atomic structures, which are quite different from those expected from
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the XRD measurement. For the further understandings of the interplay between
structural and superconductivity in the FeSe

0.4
Te
0.6

alloy, a detailed XFH experi-
ment at low temperatures is essential, which is now in progress.

4 Conclusion
We have carried out a Fe 𝐾𝛼 fluorescence X-ray holography experiment on
FeSe
0.4
Te
0.6

single crystal. The reconstructed atomic images around the central
Fe atom reveal that the local lattice constant is slightly larger than the lattice con-
stant obtained by the XRD refinement. The difference of the chalcogen heights
along the 𝑧-coordinate is not clearly observed. But, Se andTe atoms are observed
to fluctuate along angular direction. To confirm the present findings, XAFS mea-
surements should be carried out. For the further understandings of the interplay
between structural and superconductivity in FeSe

0.4
Te
0.6
, an XFH experiment at

low temperatures is essential.
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