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Magnetic imaging of antiferromagnetic and superconducting phases in Rb,Fe,_,Se;, crystals
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High-temperature superconducting (HTS) cuprate materials, with the ability to carry large electrical currents
with no resistance at easily reachable temperatures, have stimulated enormous scientific and industrial interest
since their discovery in the 1980’s. However, technological applications of these promising compounds have
been limited by their chemical and microstructural complexity and the challenging processing strategies required
for the exploitation of their extraordinary properties. The lack of theoretical understanding of the mechanism
for superconductivity in these HTS materials has also hindered the search for new superconducting systems
with enhanced performance. The unexpected discovery in 2008 of HTS iron-based compounds has provided an
entirely new family of materials for studying the crucial interplay between superconductivity and magnetism in
unconventional superconductors. Alkali-metal-doped iron selenide (A Fe,_,Se,, A = alkali metal) compounds
are of particular interest owing to the coexistence of superconductivity at relatively high temperatures with
antiferromagnetism. Intrinsic phase separation on the mesoscopic scale is also known to occur in what were
intended to be single crystals of these compounds, making it difficult to interpret bulk property measurements.
Here, we use a combination of two advanced microscopy techniques to provide direct evidence of the magnetic
properties of the individual phases. First, x-ray linear dichroism studies in a photoelectron emission microscope,
and supporting multiplet calculations, indicate that the matrix (majority) phase is antiferromagnetic whereas the
minority phase is nonmagnetic at room temperature. Second, cryogenic magnetic force microscopy demonstrates
unambiguously that superconductivity occurs only in the minority phase. The correlation of these findings with
previous microstructural studies and bulk measurements paves the way for understanding the intriguing electronic

and magnetic properties of these compounds.
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I. INTRODUCTION

The coexistence of superconductivity and antiferromag-
netism has been observed in many iron-based compounds,
and the intriguing balance between competing magnetic in-
teractions is thought to be the key to understanding the origins
of unconventional superconductivity. Alkali-metal-doped iron
selenides (A Fe;_,Se,, A = K, Cs, Rb) are an extreme exam-
ple, exhibiting superconducting properties up to the relatively
high temperature of about 30 K and, simultaneously, antifer-
romagnetic ordering that persists up to temperatures as high as
500 K [1,2]. Microstructural studies have revealed that super-
conducting single crystals of these compounds are intrinsically
phase separated, with a striking microstructure consisting of a
three-dimensional array of the minority phase in the form of
plates aligned along the crystallographic {103} planes [3.4].
The minority phase is richer in Fe and deficient in Rb with
respect to the matrix (majority phase) and has a tetragonal unit
cell with a larger aspect (c/a) ratio. Bulk superconductivity
(perfect magnetic shielding) and the ability to carry zero
resistance transport currents have been observed in many single
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crystals of these compounds, but experiments such as muon
spin rotation [5,6] and Mdssbauer spectroscopy [7] find that a
large volume fraction of these crystals (~90%) also exhibit an-
tiferromagnetic ordering. The accepted interpretation of these
seemingly paradoxical results is that only the minority phase
is superconducting, with a sufficient interconnection between
the plates for macroscopic supercurrent transport enabling bulk
shielding of the nonsuperconducting antiferromagnetic matrix.
However, the microstructure does not appear to form a continu-
ous network of the minority phase. Instead the mesoscale plate-
shaped features appear to be broken into finer scale “platelets,”
again oriented along the {103} planes. Low-temperature micro-
focused x-ray diffraction (XRD) experiments by Ricci et al.
have found that a third phase appears below about 300 K in
K Fe,_,Se; crystals at the interfaces between the majority
and minority phases, and they speculate that this additional
phase provides a percolative superconducting pathway at low
temperature [8]. In this paper, we study the spatial distribution
at the relevant mesoscopic length scales of both the antifer-
romagnetically ordered phase at room temperature and the
superconducting phase at 4.5 Kin Rb,Fe,_,Se, single crystals
using two different advanced magnetic imaging probes.
Antiferromagnets are a notoriously difficult class of mate-
rials to study because the antiparallel alignment of magnetic
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FIG. 1. Comparison between (a) backscattered electron image taken at room temperature in a SEM, mainly showing atomic number contrast,
(b) polarization averaged PEEM image taken at room temperature, and (c) MFM image taken after cooling to 4.2 K in a field of 200 mT. The
images are from different fragments of the same crystal. The same characteristic two-phase microstructure can be clearly observed in all of

these images, which are shown with the same magnification.

moments results in a zero net macroscopic magnetization.
Soft x-ray magnetic linear dichroism (XMLD) is increasingly
being used as an element-specific probe for antiferromagnetic
materials owing to the sensitivity of the absorption of linearly
polarized x rays to the average value of the squared magnetic
moment (M?). From the XMLD signal, the difference in the
absorption spectra from x rays polarized parallel and perpen-
dicular to the magnetization direction, direct information can
be extracted about the antiferromagnetism in the sample. This
phenomenon has been modeled for various systems including
the M, s spectra of rare-earth elements [9] and the L, 3 spectra
of 3d transition-metal compounds [10] using atomic multiplet
theory. The spectral line shape and the XMLD signal were
initially found to depend on the relative orientation of the x-ray
polarization direction and the spin axis [11]. However, it has
been established that the orientation of the crystalline axes
also strongly influences the spectra [12], hence allowing the
determination of the crystallographic direction of the magnetic
axis.

Photoelectron emission microscopy (PEEM) is a powerful
technique for imaging the surface of magnetic materials. The
sample is illuminated with monochromatic x rays and the
emitted photoelectrons are collected with a series of lenses to
generate an image of the photoelectron intensity. By varying
the energy and polarization direction of the incident x rays,
spatially resolved x-ray absorption spectroscopy (XAS) and
XMLD studies can be performed. XMLD-PEEM has been
widely used to image antiferromagnetic domains in thin
films of various functional materials including NiO [11,13],
LaFeO; [14], and BaFeO; [15], as well as more complex
ferromagnetic/antiferromagnetic multilayered structures [16].
Recently, in situ XMLD-PEEM experiments have been per-
formed, including investigating current-induced switching of
antiferromagnetic domains in CuMnAs [17] and the effects of
changing the ferroelectric polarization direction on antiferro-
magnetic domain structures in multiferroic BiFeOs [18,19].

In magnetic force microscopy (MFM), the local interac-
tions between a sharp magnetic tip (mounted on a vibrating
cantilever) and the stray magnetic field close to the sample
are imaged by measuring small changes in the resonance
of the cantilever. The spatial resolution of the MFM can

be as good as 10 nm and is governed by the tip size and
geometry as well as the distance between the tip and sample.
This resolution surpasses all the common magnetic imag-
ing techniques with the exception of electron microscopy,
[20]. Its sensitivity (~107*T/,/Hz) is suitable for imaging
individual superconducting flux quanta at low applied fields.
However, its main strength lies in the ability to distinguish
between topographic and magnetic signals by varying the
lift-off distance. Low-temperature MFM has been used to
study a wide range of superconductors including Nb [21,22],
high-temperature superconducting (HTS) cuprate materials
[21,23,24], and Fe-based materials [25], with the vast majority
of the work involving studying vortex mechanics and vortex-
vortex interactions in pristine materials.

II. EXPERIMENTAL DETAILS

The experiments reported here have all been carried out
on fragments of the same Rb,Fe,_,Se, crystal grown by the
Bridgman technique detailed in Ref. [26], which has an onset
T, value of ~29 K [27]. Figure 1 shows typical micrographs
from freshly cleaved (001) surfaces, taken using the scanning
electron microscope (SEM), PEEM, and MFM. The character-
istic network of crystallographically aligned microstructural
features, discussed in detail elsewhere [3,28], is visible in all
of the images, enabling the minority and majority phases to be
easily located in both the PEEM and MFM experiments. Since
the material is highly air sensitive, the samples were stored in
evacuated quartz tubes and freshly cleaved and mounted in an
inert atmosphere glove box immediately prior to measurements
to ensure that the data are representative of the bulk material.
For the PEEM experiment, the cleaved crystal was fixed to
the dedicated holder using conducting epoxy and cured on a
hot plate in the glove box. A top post was also attached to
the sample surface with conducting epoxy before transferring
the sample in a sealed container to the PEEM instrument. The
sample was cleaved in the load lock under flowing nitrogen
by dislodging the top post immediately prior to evacuating the
load lock to minimize exposure to air.

The PEEM images presented have been produced from
the sum of a series of ten images taken at selected energies
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around the Fe L3 edge. In each case, the background has
been removed using a standard procedure by dividing the
image by an equivalent image taken at a photon energy far
from the absorption peak. The absorption spectra have been
normalized at the pre-edge. Polarization averaged images and
spectra have been generated from the sum of the background
corrected data taken with linear horizontal (LH) and linear
vertical (LV) polarized x rays (I g + Iry). Similarly, x-ray
linear dichroism (XLD) images and spectra are produced from
the difference in intensity of the background corrected LH and
LV data (ILH - IL\/).

In the multiplet modeling, the wave functions of the ground
and final states were calculated in intermediate coupling
using Cowan’s Hartree-Fock code with a relativistic correction
[10]. The Slater and spin-orbit parameters are as tabulated in
Ref. [29]. Interatomic screening and mixing was taken into
account by reducing the atomic values of the Slater integrals
Fi(3d, 3d), Fr(2p, 3d), and G;(2p, 3d) to 70%. For the
tetrahedral Fe site a crystal field strength of 10Dg = 1.5eV
and an exchange field of gugH = 10meV were used to
fit the spectra. The calculated results were broadened by a
Lorentzian with a half width at half maximum (HWHM) of
' =0.15 (0.4) eV for the L3 (L,) edge to account for intrinsic
linewidth broadening and a Gaussian with a standard deviation
of 0 = 0.25eV for the instrumental broadening.

Magnetic force microscopy was performed in an At-
toDRY 1000 cryostat equipped with a 9 T/3 T superconducting
vector magnet using an Attocube MFM-1 microscope with a
Point Probe® Plus Magnetic Force Microscopy—Reflex (PPP-
MFMR) tip. The transfer time during which the surface was
exposed to air was estimated to be less than 1 min. The sample
space was evacuated to a base pressure of 10~*mbar, and
backfilled with 30 mbar of He gas. The experimental procedure
for obtaining each MFM image involved the following steps.
First, the desired temperature and background field were set.
The resonant frequency of the tip at the starting position of the
scan (bottom left corner of the image) was measured with the
tip roughly 10 um above the surface. The tip was then set to
oscillate at its resonant frequency and was brought into contact
with the surface before being lifted off by a set distance of
150 nm. The oscillation frequency was retuned to the resonant
frequency at this imaging distance.

III. PEEM STUDY

To investigate the spatial distribution of the antiferromag-
netic phase in single crystals of Rb,Fe,_,Se,, XLD experi-
ments have been performed using the PEEM instrument on
beamline 106 at the Diamond Light Source. The schematic
diagram in Fig. 2 shows the experimental setup. X rays are
incident on the sample at a fixed angle of « = 16°. The electric
field component E of the incident x rays is oriented in the plane
of the sample for linear horizontal (LH) polarization and almost
parallel to the sample normal (crystallographic [001] direction)
for linear vertical (LV) polarization.

Figures 3(a) and 3(b) show PEEM images taken at the Fe L3
edge, clearly revealing the well-known two-phase microstruc-
ture. Terrace edges are also visible as dark lines across the
images. In the polarization averaged image [Fig. 3(a)], the
minority phase is brighter in contrast to the matrix, indicating

Incident
X-ray

FIG. 2. Schematic diagram showing the experimental geometries
with LH and LV in the PEEM.

the concentration of Fe is higher in this phase. This is consistent
with the SEM/energy-dispersive x-ray spectroscopy (EDX)
chemical analysis reported previously [3].

Using the PEEM images to locate suitable regions of
interest, absorption spectra for the different phases have been
obtained. Figure 3(c) shows polarization averaged Fe L 3-
edge XAS from the matrix and minority phases. Since the L; 3
absorption spectrum results from the excitation of electrons
from the core Fe 2p levels to unoccupied 3d states, these
spectra are sensitive to the local bonding environment of
Fe. The core-hole spin-orbit interaction leads to splitting of

the final state into two manifolds corresponding to j = %

and %, which are well separated in energy, resulting in the
L3 and L, structures at 707 and 720 eV, respectively. The
branching ratio % is the fraction of the integrated
intensity of the L, 3 spectrum that results from transitions
from the 2p;3,, core level [30,31]. In the matrix and minority
phase spectra, the measured branching ratio is close to 0.77.
This is considerably higher than the statistical value of 0.667
expected for a degenerate initial state. This high branching ratio
is characteristic of Fe compounds in a high spin configuration
[31], and is consistent with the large magnetic moment of up
to 3.3 up per Fe atom found in the antiferromagnetic phase
of A,Fe,_,Se, by neutron diffraction experiments [32-34].
The spectral shape is similar to metallic Fe alloys and covalent
compounds, lacking the fine multiplet structure that is observed
for ionic Fe oxides and other ionic compounds [30]. Similar
spectra have been reported for other Fe-based superconductors
[35,36] and related compounds, e.g., FeS [37], and the spectral
shape has been attributed to short Fe-Fe bond lengths resulting
in strong delocalization of the Fe 3d electrons. The narrow
single L3 peak indicates that no discernible oxidation of the
Rb,Fe,_,Se, surface has occurred, as confirmed by O K-edge
XAS [27]. The spectra were reconstructed from carefully
selected regions of the image, but owing to the small length
scale, the minority phase region is likely to include a small
contribution from the matrix. Both spectra have very similar
line shapes and peak widths, indicating that the local Fe
bonding environment is similar in the two phases.

Figure 3(d) shows the Fe 2 p x-ray photoemission spectrum
(XPS) from a clean surface of a similar crystal, prepared by
cleaving in UHV. The peak positions are again consistent
with Fe being in the metallic state, with the presence of a
broad, weak satellite structure at higher energy of around
730 eV (indicated by the arrow). This satellite feature has
been observed previously in FeS and Fe;Seg, and Shimada
et al. propose that it is a plasmon loss peak associated with
Fe 2p;/, rather than originating from charge-transfer effects
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FIG. 3. PEEM images taken at a photon energy of 706.1 eV showing (a) polarization averaged intensity (LH 4 LV) and (b) x-ray linear
dichroism signal (LH-LV). (c) Polarization averaged (LH + LV) Fe L, ; XAS from the matrix and minority phases. (d) XPS spectrum of the
Fe 2p peaks on a different sample taken on the Antares beamline at Soleil Synchrotron. The arrow indicates the presence of a satellite peak.
(e) Comparison of the XL.D spectra for the minority and matrix phases. (f) Detailed view of the XLD signal observed at the L3 edge in the

matrix phase.

characteristic of localized Fe 3d electrons [38]. However, it
is worth noting that this satellite feature is not observed in Fe
metal or superconducting LaFeAsO, providing evidence that
the Fe 3d electrons are itinerant in these materials [39].
Typical XLD spectra from the matrix and minority phases
are shown in Figs. 3(e) and 3(f). In the matrix, the spectra
reproducibly show a feature with a dip (706.2 eV), followed by
apeak (707 eV) at the Fe L3 edge. There is also a weak feature
discernible at the L, edge. These features are absent in XLD
spectra from the minority phase. The XLD image in Fig. 3(b)
is taken at a photon energy of 706.1 eV, close to the minimum
in the XLD spectrum of the matrix. The minority phase has a

(a) A T T S S

XLD

L, 0

-0.25 4
I I I I

-0.20

700 705 710 715

Photon energy (eV)

725

similar contrast to the background (zero dichroism), whereas
the matrix phase is darker (negative dichroic signal) at this
photon energy.

IV. MULTIPLET CALCULATIONS

The Fe L, 3 XAS have been calculated from the electric-
dipole-allowed transitions between the crystal-field ground-
state Fe”* 3d° and the final-state 2p>3d’ configurations. The
spectra depend on the orientation of the magnetic field vector
H and the x-ray polarization vector E with respect to the
crystalline axes. When the point-group symmetry of the excited

(b) . . . .
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FIG. 4. Experimental spectrum for the matrix phase (green curve) compared to the calculated XLD spectra, Iy and /45 (red and blue curve,
respectively), obtained from multiplet calculations (a) for the Fe L, 3 edge and (b) the L3 edge shown on an expanded scale.
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FIG. 5. Constant height MFM images taken from the same area of the sample at (a) 4.5 K, 0 T, (b) 4.5 K, 200 mT, (c) 40 K, 0 mT, and (d)
40 K, 200 mT. Note the image contrast scales are not the same in each image. (e) Image taken in phase-locked-loop constant force mode with
a bias voltage of 5 V applied to the tip. (f) Constant height image taken after field cooling in 200 mT to 4.5 K.

atom is approximately cubic, there are two independent XMLD
spectra, Iy and I45, with different energy dependences, defined
in Refs. [12,40] as

Iy = I(Ep1001, Hioop) — 1 (Ejo101, Hrioo1)s (D

Iis = I(Epnoy, Hynop) — 1(Epiop Hinop)- (2

The calculated Iy and I45 spectra are shown in Fig. 4. The
photon energy scale was fixed by setting the L3 peak maximum
of the calculated total XAS to that of the experiment. Figure 4

shows that there is a good agreement between the experimental
XMLD (green curve) and calculated I, spectrum (red curve),
particularly at the L3 edge.

Considering the geometry of the XLD-PEEM experiment
(shown in Fig. 2) and assuming that the spin axis is along the
crystallographic [001] axis [34], the XMLD signal is given by

XMLD = XAS(90 — 6) — XAS(LV)
= sin*(90 — 6)(0.821y + 0.18145), 3)

where 6 = 0° corresponds to LH, and 6 = 90° corresponds
to LV. Therefore, it is expected that the experimental XLD
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spectrum is largely dominated by Iy, as observed here. The
small contribution from I,5 arises because the incident x rays
are not fully at grazing incidence but make a small angle
of 16° with the sample surface in the PEEM experimental
geometry (see Fig. 2). The good agreement between the
calculated XMLD spectrum and the experimental data strongly
suggests that the linear dichroism in the matrix is due to
antiferromagnetic ordering with spins aligned along [001].

V. MFM STUDY

Cryogenic magnetic force microscopy (MFM) has been
used to probe local variations in magnetic field in the vicinity
of the sample by scanning a vibrating magnetic tip above the
surface in constant height mode. In our experiments, increasing
the strength of the applied magnetic field was found to produce
a shiftin the resonant frequency of the tip towards lower values,
leading to a negative phase shift for a tip oscillating at a fixed
frequency [27]. The MFM images shown here are taken using a
fixed tip frequency and phase shift (A¢) as the measured signal.
Therefore, bright regions (positive phase shift) correspond to
regions of lower magnetic field. Superconducting features are
expected to appear bright when a background field is applied
owing to flux expulsion.

MFM images have been taken by cooling to 4.5 K in
zero applied field [zero-field-cooling (ZFC) mode] and sub-
sequently applying a magnetic field of 200 mT in a direction
perpendicular to the surface of the sample (i.e., parallel to the
c axis of the crystal). Figure 5(a), taken in zero background
field, is essentially a topographic image of the surface. The
familiar phase-separated microstructure can clearly be seen,
with the minority phase appearing darker than the matrix. In
addition, the surface seems to be covered in small particles
about 50 nm in size. These may be oxide particles resulting
from the surface being briefly exposed to air during loading of
the sample, and are often also seen in SEM images [27]. On
applying a magnetic field of 200 mT, bright features appear in
the image [Fig. 5(b)]. Comparing with the topographic image
inFig. 5(a), it can be seen that these occur in locations where the
characteristic stripy morphology of the minority phase can be
seen. Since bright features represent alower magnetic field, this
strongly suggests that the minority phase features demonstrate
bulk superconductivity because magnetic flux is being expelled
from their interior. To confirm that this magnetic contrast
is associated with superconductivity, the measurements were
repeated above T, (40 K). By comparing Figs. 5(b) and 5(d),
it is clear that the bright features seen at 4.5 K do not appear
above T¢. This provides convincing evidence of the existence
of superconductivity in the minority phase.

It is worth noting that not all of the features that appear
dark in the topographic image of Fig. 5(a) seem to be su-
perconducting, as indicated by red arrows. To investigate this
further, different imaging modes and cooling protocols have
been used. Figure 5(e) shows an image taken in zero magnetic
field with a bias voltage applied to the tip. Under these imaging
conditions the microscope is effectively probing the contact
potential difference, with the contrast mainly due to changes
in the electrostatic interaction between the tip and the sample.
In this image, all of the dark topographic features appear bright
relative to the matrix, suggesting that, regardless of whether the

features exhibit superconductivity, they are electronically sim-
ilar. In addition, Fig. 5(f) shows an MFM scan taken after field
cooling at 200 mT from above 7, to 4.5 K. The same features
appear bright as in the image taken using the zero-field-cooling
protocol, confirming that only some of the features in this
sample exhibit superconductivity at 4.5 K. The stripy nature
of the minority phase is clearly visible in this image. However,
in the electrical image [Fig. 5(e)], the features appear to be
more continuous, suggesting that the regions between the
secondary phase stripes may be electrically conducting but not
superconducting (or only weakly superconducting) at 4.5 K.
This may be linked to the presence of an interface phase found
to appear in K Fe,_,Se, crystals below room temperature in
the microfocused XRD results of Ricci et al. [8]. However,
further experiments at temperatures between 100 and 300 K
are required to obtain conclusive results.

VI. CONCLUSIONS

We have reported the results of two separate experiments
using spatially resolved probes to study the magnetic properties
of the individual phases inRb,Fe,_,Se; crystals. Asillustrated
in Fig. 1, the characteristic phase-separated microstructure
observed in the SEM is also clear in the PEEM and MFM
images, making it easy to directly compare the results from
the different experiments. The XLLD-PEEM study, carried out
at room temperature, strongly suggests that the matrix phase is
antiferromagnetically ordered, whereas the minority phase is
nonmagnetic. Theoretical calculations and neutron diffraction
studies reviewed by Mou et al. [2] have found that the Fe-
vacancy-ordered “245” phase is a block antiferromagnet with
its magnetic moments aligned along the crystallographic [001]
axis, whereas the Fe-vacancy-free phase is paramagnetic in
nature at room temperature. Therefore this XLD-PEEM study
provides direct evidence that the matrix is the antiferromag-
netic Fe-deficient 245 phase. This is consistent with a previous
chemical composition analysis that found the matrix to have
a chemical composition close to the 245 stoichiometry of the
Fe-vacancy-ordered phase [3]. The minority phase is richer in
Fe, as expected for the paramagnetic Fe-vacancy-free phase.
The results are also consistent with previous muon spin rotation
experiments which found that around 90% by volume of these
crystals is antiferromagnetic, with the remaining 10% being
paramagnetic at room temperature [5]. Since linear dichroic
signals can also arise from an anisotropic charge distribution
in a material, these PEEM experiments at a single temperature
with no external magnetic field do not prove absolutely that the
origin of the linear dichroism is antiferromagnetic ordering.
However, the close similarity of the experimental data with
the XMLD calculations provides additional weight to this
argument. The cryogenic MFM study has clearly shown that
superconductivity is only present in the minority phase.

The combination of these two unique experiments gives
strong evidence that the minority phase is paramagnetic at
room temperature and becomes superconducting on cooling
below 30 K. By contrast, the matrix is antiferromagnetic and
nonsuperconducting. This study has demonstrated that both
XLD-PEEM and cryogenic MFM are powerful techniques for
understanding the local magnetic properties of inhomogeneous
superconductors.
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