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The recent discovery of intercalated iron-selenide superconductors [1] has stirred up the condensed-matter com-
munity accustomed to the proximity of the superconducting and magnetic phases in various cuprate and pnictide
superconductors. Never before has a superconducting state with a transition temperature as high as 30 K been
found to coexist with such an exceptionally strong antiferromagnetism with Néel temperatures up to 550 K as
in this new family of iron-selenide materials. The very large magnetic moment of 3.3 µB on the iron sites,
however, renders a microscopically homogeneous coexistence of superconductivity and magnetism unlikely. In
contrast to their 122 iron-arsenide counterparts, the structurally similar intercalated iron-selenide compounds
(K,Rb,Cs)0.8Fe1.6Se2 have so far defied all efforts to synthesize a bulk single-phase material of this family. Ab-
sence of such electronically homogeneous superconducting single crystals and a strong correlation between the
superconducting and antiferromagnetic phases necessitate a detailed research into the nature of their coexistence.
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Figure 1: (a) Microscope image of a 60 × 60 µm2 surface patch of a freshly-cleaved superconducting RFS single crystal.
Typical rectangular 15× 8 µm2 area studied via near-field microscopy. (b) Superposition of the topography of a 15× 8 µm2

rectangular area (terrain) and the optical signal (brightness) normalized to that of silicon. Glossy areas indicate high silicon-
RFS contrast and thus metallicity, while the matt areas are insulating. This combined response is broken down in (c) and (d)
for the cross-section defined by the blue semi-transparent plane. (c) Optical contrast S2/S2,Si of the second harmonic S2 of
the near-field signal obtained at the 10.7 µm emission wavelength (116 meV photon energy) of a CO2 laser. Peaks in the
contrast indicate metallic response (see text). (d) Displacement of the AFM tip while scanning along a 15 µm line obtained
simultaneously with (c). Dashed lines and blue shaded areas in (c) and (d) show the correlation between the metallic response
and changes in the topography.

Here we reveal phase separation in a single-crystalline antiferromagnetic superconductor Rb2Fe4Se5 (RFS) us-
ing a combination of scattering-type scanning near-field optical microscopy (s-SNOM) and low-energy muon
spin rotation (LE-µSR) [2]. The optimally-doped superconducting RFS single crystals were grown by the Bridg-
man method. From DC resistivity, magnetization and specific-heat measurements we obtained Tc ≈ 32 K. Sam-
ple cleaving and handling was carried out in argon atmosphere at all times prior to every optical measurement.
The sample surface was first characterized with a polarizing microscope. Figure 1(a) shows a 60×60 µm2 patch
of the sample surface. A network of bright stripes is always observed on a freshly cleaved surface and does not
depend on the polarization of the probing light. The stripes always occur at 45◦ with respect to the in-plane
crystallographic axes. The topography of a representative 15 × 8 µm2 surface patch studied with an s-SNOM
microscope is shown in Fig. 1(b) as a three-dimensional terrain image. One can clearly correlate the features in
the AFM map with the bright stripes in the polarizing microscope image. This implies that the surface chem-
istry of this compound leads to inherent surface termination with mesoscopic terracing upon cleaving, typically
10 − 30 nm high. Figures 1(c) and 1(d) show the 2nd-harmonic near-field optical contrast (OC), obtained by
normalizing the signal from the RFS surface to that that from a reference silicon surface (S2/S2,Si), and the to-
pography profile of RFS for the cross-section indicated with a blue translucent plane in Fig. 1(b). The amplitude
and phase of both the topography and the optical signal are obtained simultaneously during a scan. Every peak
in the OC maps signals a metallic optical response.

By correlating the OC peak positions with the topography maps one can deduce that the location of the metallic
regions on the sample surface is bound to the slopes in the terrain, as indicated in Figs. 1(c) and 1d with dashed
lines. Flat regions of the sample surface exhibit no metallic response. Figure 1(d) shows that from the location of
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Figure 2: (a) Schematic of the experiment with low-energy muons. The sample is depicted as a layered structure according
to the discussion in the text. (b)-(d) Time dependence of µ+ spin polarization A0P (t) in a zero magnetic field at 5 K after
implantation in RFS single crystals at various depths determined by the muon stopping profiles of respective colors in (a). (e)-
(g) Same for normalized µ+ spin polarization fparaP (t) in a transverse magnetic field H⊥ = 100 G, where the normalized
asymmetry fpara is the paramagnetic volume fraction. Gray dashed lines in (e)-(g) show the slow relaxation envelope of the
µ+ spin polarization; solid lines are fits to the data.

the OC peaks on the slopes one can identify well-defined sheets (horizontal dashed lines) approximately 10 nm
apart. Metallic response (OC peak) is recorded whenever one of these sheets is exposed from the sample bulk
at the intersections of the dashed lines with the topography line. Such correlation exists in all studied cross-
sections of the OC and height maps. The thickness of the metallic sheets can be estimated by projecting the full
width at half maximum (FWHM) of the OC peaks onto the surface topography [blue shaded areas in Fig. 1(c)
and 1(d)] and on average amounts to 5 nm. The analysis of the correlations between the OC peaks and the
slopes in the sample topography carried out on multiple cross-sections of different near-field maps shows that
the metallic sheets have an in-plane dimension as well, which can be roughly estimated to ≈ 10 µm in both
directions. Therefore, phase separation in superconducting RFS single crystals occurs on the nanoscale in the
out-of-plane and mesoscale in the in-plane direction. From the thickness and periodicity of the metallic sheets
we can estimate the volume fraction of the metallic domains in the 30 nm surface layer to approximately 50%,
significantly larger than all previously reported bulk values.

It must be noted that the metallic volume fraction obtained by means of s-SNOM imaging only considers the near
surface layer within ≈ 30 nm. Whether or not this fraction changes with the distance from the sample surface
and what the magnetic and superconducting properties of the metallic and semiconducting phases are cannot
be determined from these measurements. Therefore, a microscopic sensor of the local magnetic moment with
an adjustable implantation depth must be invoked. Such characteristics are provided by the LE-µSR technique,
which utilizes the predominantly spin-oriented positron decay of µ+ to detect the orientation of the muon spin.
This orientation is influenced by the local magnetic field at the muon implantation site, as well as magnetic fields
applied externally. The experiment is shown schematically in Fig. 2(a), with the implantation profiles indicated
(red, green, and blue shaded areas). The time dependence of µ+ spin polarization A0P (t) obtained at zero
external magnetic field is shown in Figs. 2(b)-(d), the colors correspond to those of the muon stopping profiles in
Fig. 2(a). As is clear from Fig. 2(a), the shallowest muon stopping profile (red shaded area) probes a region of the
sample bulk comparable to that observed via s-SNOM. The relaxation of the muon polarization after implantation
in the sample occurs at two different time scales: fast depolarization takes place during the first 150−250 ns and
is associated with the ordered antiferromagnetic phase, while a much slower evolution dominates thereafter and
stems predominantly from paramagnetic domains. The fast depolarization rate is proportional to the width of
the magnetic-field distribution at the muon stopping site in the ordered phase and thus to the antiferromagnetic
moment. Figures 2(c) and 2(d) show that in the bulk [green and blue muon stopping profiles in Fig. 2(a)] the
fast component is approximately the same and rather narrow, whereas near the surface it broadens significantly
[Fig. 2(b)]. Using a two-component fit model for the zero-field µSR data, the fast depolarization rates in the bulk
were found to agree within the error bars, whereas it is significantly reduced close to the surface (red profile).
Under the assumption that the muon stopping sites in the unit cell are the same for all three profiles and that the
depolarization rate should be the same in the bulk, the antiferromagnetic moment is reduced to only 50% of its
bulk value in the 30 nm surface layer.

The muon decay asymmetry in Figs. 2(b)-(d) indicates that the paramagnetic volume fraction (slow component)
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Figure 3: (a) Imaginary and (b) real parts of the dielectric
function of RFS in the THz spectral region obtained via the
time-domain transmission spectroscopy.

is enhanced closer to the surface. To avoid the contaminating µSR signal originating from muon decays in the Ni
sample holder, we carried out transverse-field measurements in the same configuration and at the same tempera-
ture of 5 K as in Figs. 2(b)-(d). In this case the oscillating component of the muon decay asymmetry comes only
from the paramagnetic domains in the sample and can be normalized accordingly to become fparaP (t), where
fpara is the paramagnetic volume fraction, given by the value of the slowly depolarizing envelope of the muon
spin precession (gray dashed lines in Fig. 2) at zero time. From Figs. 2(f) and 2(g) one immediately infers that
well in the sample bulk the paramagnetic phase constitutes about 20% of the sample volume. It thus characterizes
the phase separation in the bulk of the superconducting RFS single crystals as probed by other techniques, such
as Mössbauer spectroscopy and conventional µSR. On the other hand, Fig. 2(e) shows that in the 30 nm surface
layer [red stopping profile in Fig. 2(a)] the paramagnetic volume fraction strongly increases to ≈ 50%. Such a
high value most likely occurs due to a reduced constraining potential between antiferromagnetic sheets with a
significantly smaller ordered moment close to the sample surface, which leads to an expansion of the metallic
regions.

The presence of mesoscopic phase separation and the relatively large band energy gap of about 0.5 eV in the
iron-selenide compounds makes it possible to study the low-energy charge dynamics of the paramagnetic phase
at THz frequencies in sufficiently thin samples using time-domain transmission spectroscopy, with the caveat
that the extraction of the inherent optical response of the constituent phases requires modeling in an appro-
priate effective-medium theory. Nevertheless, several important features are apparent in the unmodeled data.
Figures 3 (a) and (b) show ε2 and ε1, respectively, of the superconducting RFS compound obtained with this
technique [3]. At room temperature and down to 100 K the material remains semiconducting, with ε1(ω) pos-
itive in the whole spectral range. Below 100 K a clear metallic response with negative ε1(ω) rapidly develops.
Already at 80 K the zero-crossing in ε1(ω) corresponds to a screened plasma frequency of 3 meV, which reaches
6.5 meV as the temperature is lowered further. The observed crossover from semiconducting to metallic behav-
ior with decreasing temperature below 100 K is in full agreement with the temperature dependence of the DC
resistivity.

The origin of the phase separation observed in this work can lie either in a chemical stratification into e.g.
iron-vacancy ordered (antiferromagnetic) and disordered (paramagnetic) phases or in a purely electronic seg-
regation on a homogeneous crystalline background. Self-organization of a chemically homogeneous structure
into (quasi)periodically segregated phases is not unprecedented — a similar phenomenon has been observed in
copper-based superconductors, where antiferromagnetic stripes of copper spins were found to be spatially sep-
arated by periodic domain walls close to a particular hole doping level of 1/8. Be it of chemical or electronic
nature, the phase separation in superconducting RFS single crystals reported here represents an interesting case
of a naturally-occurring quasi-heterostructure.
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